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ABSTRACT 

This report describes the work performed during the f i rs t  phase 

of the Feasibility Study of Positive Gauging Systems for N A S ~ / ~ a n n e d  

Spacecraft Center under Contract NAS9-6750. 

' 

The primary objective of this program is to demonstrate the feasi- 

bility of an advanced storable propellant mass  gauging system capable of 

operating independently of the propellant location or magnitude .of a gravity 

field. The program is  divided into two phases. The f i rs t  phase consists 

of a systematic study of various possible gauging systems followed by 

analyses to establish their capability and feasibility. The second phase 

consists of an extensive investigation of the system deemed most promis- 

ing by TRW,  with NASA in concurrence. 

During Phase I, a systematic effort was undertaken to  identify and 

evaluate a l l  possible gauging concepts. Over 50 separate concepts for  

gauging propellants were identified during this period: Preliminary 

analyses of the more promising approaches were then performed. As a 

result of these analyses, a Resonant Infrasonic Gauging System (RIGS) 

was selected for study in Phase 11. A helium balance system, the RHO 

gauge, also appeared to offer appreciable promise. 
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I .  INTRODUCTION 

Accurate measurement of propellant quantity in liquid propulsion 

systems has become increasingly important as  manned missions become 

longer and more  demanding. Until recently, the major emphasis has 

been on gauging systems capable of performing the propellant utilization 

function. Since the propellant i s  predictably oriented during engine firing, 

this function i s  adequately performed by gauges which measure the pro- 

pellant level in the tanks. However, future missions will include lengthy 

coast periods and require the measurement of randomly-oriented pro- 

pellant quantities during extended periods of zero  gravity. 

The Feasibility Study of Positive Gauging Systems i s  divided into 

two phases. The f i r s t  phase i s  a preliminary analysis of concepts for 

propellant gauging systems capable of operation under zero  gravity. The 

second phase i s  a detailed investigation of the most promising concept 

identified during Phase I. 

This report  presents the results of the f i r s t  phase of the program 

during which a concerted effort was undertaken to identify and evaluate 

all  possible ga.uging -system concepts. Two techniques were employed 

to originate new systems. A morphological survey of the properties of 

the propellants and pressurant  gas was made to determine which proper- 

t ies  might fo rm the basis of a propellant gauging system. The second 

approach consisted of bringing together, in a se r ies  of brainstorming 

sessions, knowledgeable experts  f rom diverse fields to identify and eval- 

uate new propellant gauging concepts. Over 50 separate concepts for 

gauging propellants were uncovered by this approach. The relative ad- 

vantages, limitations, and characterist ics of these systems were studied. 

The main cri terion fo r  evaluating these systems was their  capability to 

gauge the quantity of storable propellants under zero gravity in a tank 

without a bladder. The propellants specified for  the study were Aerozine- 

50 and nitrogen tetroxide. Other cri teria used in the evaluation a r e  de- 

lineated in Section 2 and slunrnarized in Table 2-1. The results of the 

Phase  I evaluations indicated that a Resonant Infrasonic Gauging System 

(RIGS) appeared to be the mos t  promising system, A helium balance 

system, the RHO gauge, also appeared to offer appreciable promise. 

However, these conclusions might differ for other propellant combinations. 



A brief description of some of the sys t ems  considered will be found 

in Section 3 of the repor t .  Section 4 contains a prel iminary analysis  of the 

m o r e  promising sys tems.  Section 5 summarizes  the resu l t s  of this phase 

of the study and presents  the logic leading up to the selection of the RIGS 

for  P h a s e  I1 of this study. 



2. GENERAL GAUGING SYSTEM CONSIDERATIONS 

In a general study of this type, i t  i s  necessary to clearly establish 

detailed evaluation cr i ter ia  in order to provide a common basis  of com- 

parison for a l l  the proposed systems. The evaluation cr i ter ia  (summar- 

ized in  Table 2- 1) were derived f rom consideration of the functional use 

of the system, the performance requirements, the proposed application, 

and the mission requirements. These cri teria were used in the General 

Survey of Phase I for rapid, systematic evaluation of the various concepts. 

Systems not capable of meeting many of the cri teria were eliminated f rom 

consideration before a major effort had been expended. 

One additional constraint was placed on the systems evaluated dur-  

ing the general survey-all systems,  in order to mer i t  further study, must 

offer a potential for gauging under zero and low gravity conditions in a 

bladderles s tank. Inability to measure  propellant quantity under high . 
5 

gravity, while counting against the system, was not sufficient to eliminate 

i t  f rom further study. 

2.1 FUNCTIONS OF A PROPELLANT GAUGING SYSTEM > .  

The purpose of a propellant gauging system i s  to measure the 

quantity of propellant available for use in the propulsion device. 

This information i s  required for  a variety of reasons: 

s Determination of remaining total impulse capability 

e Leak detection 

e Mixture ratio control 

e Center of gravity control 

e Malfunction analysis 

e Verification of propellant loading 

It will be noted that of these functions two a re  performed under the 

influence of a gravity field: mixture ratio contr 01 is  accomplished during 

engine firing and propellant loading is  performed on the ground. The 

determination of the remaining available impulse, leak detection, and 
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center of gravity control a r e  primariiy required during the coast or 

low g portion of the flight, while malfunction analysis may be needed 

a t  any time. 

Each of the different functions has different accuracy requirements. 

F o r  example, mixture ratio control o r  propellant utilization places very 

stringent accuracy requirements on the gauging system. On the other 

hand, determination of the remaining impulse capabilities during zero 

gravity flight usually presents a l e s s  stringent requirement. The 

accuracy required i s  also a function of the mission. As a particular 

mission becomes more  difficult, o r  even marginal, greater  accuracy 

i s  usually demanded of the propellant gauging system. 

2. 1. 1 Characterist ics of an Ideal Gauging Sys tem 

An ideal positive gauging system should indicate the quantity of 

propellant remaining in  the propellant tanlcs at  a l l  times. The majority 

of the present propellant gauging systems in  spacecraft use cannot do 

this. F o r  example, the Apollo SPS propellant gauging and utilization 

sys tem i s  basically a level sensing device which measures the quantity 

of propellant remaining in the propellant tank only when the engine i s  

firing. Between engine firings, it merely indicates the propellant quantity 

present  a t  the end of the las t  firing. This i s  not satisfactory for some 

missions. The astronaut does not have information early enough to 

permit  a change of plans i f ,  for example, a propellant leak were to 

occur between firings. The ideal positive propellant gauging system 

should be capable of indicating the quantity of propellant present during 

cruise  operation under zero and low gravity conditions, and during 

engine operation. Accuracy should not be degraded during any of these 

phases. 

The gauging system should require minimum interfaces and present 

minimum interference with the spacecraft. It should not require special 

tank design features and should not degrade system reliability o r  present 

any safety hazards. Performance should not be degraded by variations 



in propellant temperature,  mission duration, o r  operating duty cycle. 

Each system was examined in light of these goals, which a r e  summarized 

in Table 2-1. 

2. 1. 2 System Characteris t ics  

The method used to orient  the propellants in the tanks will have a 

major effect  on the design and selection of the propellant gauging system. 

The two most common techniques a r e  1)  use of a positive expulsion device 

such a s  a bladder, o r  diaphragm, and 2)  use of a n  auxiliary engine to 

settle the propellants in  the tanks. Since, in most  cases ,  positive 

expulsion devices resul t  i n  heavier systems,  they a r e  used when settling 

i s  not feasible or  the propellant quantity i s  small. Most bipropellant 

RCS propulsion sys tems employ bladders. 

Propellant settling without a containment device requires the use  

of a propulsion system. This technique i s  normally used for those 

applications where the weight savings derived through elimination of the 

bladder a r e  significantly large to justify it. Most main propulsion sys - 
tems use  this technique (i. e. , Apollo SPS, LMDE, LMAE). The differ- 

ences in  both the operating environments and i n  the problem a reas  

associated with the two orientation techniques a r e  sufficiently large 

that the sys tem which appears best  f o r  one may not even be applicable 

to the other,  Thus, while i t  i s  recognized that an  ideal gauging system 

should be capable of operating independently of the acceleration field o r  

orientation technique, this often may not be possible. In a study of this 

type i t  was necessary  to establish a priority of requirements.  Gauging 

systems which can measure the propellant quantity accurately a t  acceler  - 
ations above 0.1 g a r e  shown in Table 2-2. At low o r  zero  gravity, 

developed systems do not exist. Feasibility has been demonstrated fo r  

a number of sys tems for propellant gauging in  bladder tanks under low 

and ze ro  gravity conditions. F o r  unoriented propellant a t  low gravity no 

system exists a t  the present time for propellant gauging. Therefore, 

emphasis during this study was placed on gauging under low o r  z e ro  

gravity conditions in  a bladderless tank. 



Table 2-2.  Existing High Gravity Gauging Systems 

Major 
Sys tern Principle of Operation Major Advantages Disadvantages 

Level Gauges 

Capacitance Measures capacitance 
of liquid in  stillwell. 
Measured capacitance 
i s  then l inear function 
of liquid level 

Radioisotope Measures attenuated 
gamma radiation 

A between detector and 
source located in 
stillwell along ! 

length of tank. ' 

Developed, good Complicated tank 
accuracy, low installation, high 
power, compen- cost, subject to 
sates for propel- drift  
lant density 
change 

Good accuracy Requires s tillwell, 
Low power handling of radio- 
Compensates for isotope 
propellant densi- 
ty change 

lint Sensors Determines time when Developed, highly Does not provide 
liquid level drops to accurate, simple continuous read- 
sensor location (Ca- installation.Exce1- ing , 

pacitance hot wire,  lent for propellant Sensors can be 
magnetos trictive and utilization. Can be skipped during 
nuclear point sensor spaced to provide multiple firings 
can be used) more  accuracy 

near  tank deple- 

Other T m e s  

Radio Measures tank cavity Easy installation Not developed. 
Frequency mode frequency Light , simple Conductivity of 

fuel 

Integrating Measures propellant Simple installa- Does not provide 
Flowrneters flowrate out of tank tion, light r ecalibration, 

Integrates to obtain cannot be used to 
quantity used check loading, 

e r r o r  becomes 
large with multi - 
ple firings 



2. 1. 3 Gauging Under Normal Gravity Conditions 

A number of systems presently exist to measure propellant quantity 

under normal and high gravitational conditions. The majority of these 

systems measure  the height of the propellant in a tank a s  shown in 

Figure 2-1. This height i s  then converted to volume, using the tank 

dimensions, and into mass ,  using the propellant density. Such sys terns 

range in accuracy and complexity from the simple float gauge in an 

automobile to the redundant capacitor and point sensor propellant utiliza- 

tion system on the Apollo vehicle. All of these height measuring devices, 

however, depend on the existence of a gravitational o r  acceleration field 

to maintain the propellant in a known spatial position in the tank. Usually, 

the height of propellant i s  measured at  only one location in a tank and thus 

is  sensitive both to random fluctuations in the propellant height, such a s  

sloshing, a s  well a s  to systematic variations. The prime criterion which 

determines whether a level type gauge may be used is  the relative size 

of the acceleration forces  and the surface tension forces. At equilibrium, 

the buoyancy force will balance the surface tension force, causing a r i s e  

in liquid height in  a tube. , 
- 1  __ 

2 rr  B pa = 2n r u  cos 0 

2u cos 0 h = 
r Pa 

where h = height of liquid 
in tube above 
liquid level 

8 = angle of contact 

r = radius of tube 

P = density of liquid 

IJ = surface tension 

a = acceleration 

Lf the acceleration force i s  not sufficiently large, the liquid will crawl up 

along the sides of the level gauge and invalidate the reading, as shown 

in Figure 2-1. This occurs when the acceleration force i s  roughly equal 



LEVEL GAGE 

HIGH GRAVITY g > 0.1 O . O I ~ ~ > I O - ~  ZERO g 

Figure  2- 1. Effect of Gravity on a Level Gauge 

I 0-6 10-5 10-3 lop2 10- 

ACCELERATION IN g 

gure 2 - 2 .  Level Increase  Versus  Acceleration 



to the s-:?face force.  In Figure 2 - 2  the variation in height for N 0 in a typical 2 4 
propellzxt tank i s  shown a s  a function of the applied acceleration field, 

C 5 e r  techniques which indirectly depend on having oriented propel- 

lants r c ~ y  also be used for gauging propellant during engine firing. 

I n t e g r ~ r ~ g  flowmeters can be used in missions where the propellant i s  

used ir one large single firing. Since they do not have the capability of 

indeper-iently r e  calibrating the propellant quantity, they a r e  subject to 

a p p r e c t s l e  e r r o r s  a s  a result  of either leakage o r  e r r o r s  in loading. In 

additioz, they lose accuracy when a large number of individual firings 

a r e  performed. 

r=1 Table 2-2 ,  a summary of the available high gravity gauges i s  

present=d, along with a brief summary of these characteristics.  

2. 1.4 Gauging in  a Bladder Tank Under Low Gravity 

Ffasibi l i ty has been demonstrated for a number of different tech- 

nique s Lor gauging propellant quantity in a bladder - containing tank. Most 

of these systems, a s  shown in Table 2-3,  actually measure  the ullage 

gas vol-lme. The pr imary problem a reas  for these systems a r e  associ-  

ated wir5 the diffusion of propellant vapor into the ullage gas and the 

diffusicz of constituents of the ullage gas into the propellant. 

Diffusion of t racer  gas through the bladder can degrade the 

accuracy of t racer  gas systems, unless the diffusion ra tes  a r e  small 

and p re  sictable. If appreciable diffusion occurs, the measured concen- 

tration ~f t r acer  gas will not indicate the true ullage volume. 

Eiffusion of propellant vapor into the ullage gas causes changes 

in  the ghs properties (as  well a s  possibly corroding sensitive detection 

e l e m e z ~ s ) ,  The density of the vapor i s  appreciably different from the 

density af the pressurant. This can cause an e r ro r  in the infrasonic 

systerrs i f ,  due to stratification, the vapor composition in the ullage 

volume i s  different from the composition in the reference volume. 

The PVT systems a r e  also affected by propellant vapor diffusion. 

h the F'TT system, the ullage volume is determined by a helium mass 

balance. If the gas in the ullage volume consists of an unknown mixture 

of helizm and propellant vapor, an e r r o r  i s  introduced. In the bladder - 
l e ss  tazk,  the vapor concentration a t  equilibrium can be predicted by the 
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measurement of propellant h=llk temperature and the propellant vapor 

pressure .  In the bladder tar:<, equilibrium may never exist and the vapor 

concentration i s  a function 05 time. 

During the past several  years  TRW has conducted experiments and 

analytical studies of the permeability of bladder materials in conjunction 

with several  propellant gauging programs, These studies have included 

the diffusion ra te  m e a s u r e r  eats  of helium, nitrogen, krypton, and carbon 

dioxide gases through sever21 bladder materials.  Gas diffusion data 

obtained to date a r e  presenred in  Table 2-4. 

The gas diffusion ra tes  through bladders were determined by estab- 

lishing a gas pressure  gradient across  a representative sample of the tes t  

material. The bladder sarr_?le i s  held between two gas vessels: a high 

pressure  vessel  which i s  mrihtained a t  200 psig, and a low pressure  

vessel  which i s  initially a t  either 1 or  15 psia. The rate a t  which gas 

diffuses through the specimen i s  determined by monitoring the pressure  

r i s e  in the low pressure  gas vessel. 

The bladder samples have been found to obey Fick's law: 

q = PoAAP 

q = gas permeation per unit time 

P = permeability constant 
0 

A = sample a r ea  

A P  = partial pressure  differential 

Table 2-4. Gas Diffusion Rates (200 psig) 

2 
Gas Diffusion Rate, Standard cc /h r  i n  

Bladder Material 

Teflon Laminate 0.76-0.91 14. 7 -17.7 0. 67 3. 85 
(TFE-FEP)  

Alurninum Teflon 9, oo34--0,0O6 0.0525 
Laminate 

Teflon Codispersion 1. 66 22.9 
( TFE-FEP) 

Ethyl Propylene 0.256 1.144 



The leakage rate of NZOq through several bladder materials has 

been evaluated a t  TRW in two independent sets of experiments. N204 
leakage was measured through a Teflon-laminate bladder in a propellant 

tank at  a rocket test  stand and for a number of bladder materials  in  

laboratory tests.  No difference between the two se ts  of tes t  data was 

discernible. The tests  show that appreciable N204 diffusion occurs 

through both Teflon bladder materials tested. The diffusion ra te  through 
2 the TFE  codisper sion Teflon material  was measured to be 0.3 mg/cm /hr .  

The TFE/FEP Teflon-laminate material  was appreciably better, with a 
2 

diffusion ra te  of 0, 14 mg/cm /hr .  Tests  on aluminized Teflon-1a.minate 

bladders indicated that the N204  diffusion was negligible. Thus, i t  seems 

probable that adequate gauging accuracy could be obtained with any of the 

proposed s ys terns provided the aluminized Teflon bladder i s  used. 

A positive displacement device used to contain the propellant in 

the tank can also serve as  a propellant gauging system i f  the dimensional 

changes in the device with outflow of propellant a r e  predictable, Typical 

of such devices i s  the volatile liquid expu.lsion system which uses a 

bellows tank to contain the propellants, Simple measurement of the 

bellows extension gives a direct measurement of the propellant volume. 

Bladders do not readily lend themselves to the direct  measurement of 

the contained volume because of variations in the shape the bladder can 

assume. However, by mechanically constraining the folding and location 

of the bladder, i t  appears feasible to use the measurement of key dimensions 

to obtain the liquid volume. 

2 .  1. 5 Gauging in  a Low Gravity Environment - 
Zero o r  low gravity imposes a large number of problems on propel- 

lant gauging in  bladderles s tanks which a r e  usually not significant for  a 

high gravity gauge. The f i r s t  i s  that the actual propellant location i s  not 

usually known. Thus, systems which depend on measuring key dimen- 

sions of the propellant volume will be appreciably in e r ro r .  The ideal 

measurement system should be sensitive only to propellant mass  o r  

volume and independent of the actual propellant location. A s  will be 



shown i~ Section 3 ,  this i s  difficult to achieve in practice and poses the 

single ~ c s t  severe constraint on the feasibility of potential gauging sys-  

tems unler  zero gravity. For  example, force fields follow an  inverse 

square-ci-the-distance law with obvious sensitivity to actual propellant 

locatiori, Attenuation techniques, in general, follow exponential laws 

and a r e  z?plicable primari ly for  narrow beams. In both of these cases,  

some irr_yrovement in performance can be achieved by using a large 

number cf sensors and statis tical weighing of the individual measurements 

with a r e  sultant increase in weight and complexity. 

A r ~ t h e r  problem in low gravity fields i s  that the propellant freely 

migrate s under the influence of small accelerations caused by attitude 

control ;-ts and personnel motion. Unless some effort i s  made to limit 

the motian of the liquid, i t  will tend to be somewhat randomly located, 

This res -d t s  in  difficulty when there i s  a requirement for  communicating 

with o r  sampling the ullage gas. As the dominant force acting on the 

liquid i s  surface tension, controlled surface tension devices to partially 

orient tLe propellant a r e  investigated in Section 2 . 1 .  5. I. 

Ur-cler the best of conditions, when making an experimental 

measurcrnent of a fluid property, the question a r i ses  a s  to whether 

a meascrement made a t  a certain point i s  truly representative of the 

average Sulk properties. Under zero gravity conditions, the uncertainty 

i s  greatly increased. Under conditions of normal gravity, natural convec- 

tion carrses most of the mixing. Under zero gravity conditions, whatever 

mixing eoes  occur i s  by the much slower process of diffusion. This 

imposes an appreciable accuracy limitation on most proposed systems. 

Those s ~ s t e m s  which do not directly measure propellant mass  require 

measur  2rnents of the propellant temperature to obtain the propellant 

density. If the measured temperature i s  appreciably different from the 

average bulk temperature of the propellant, the reported mass  will be 

in e r r o r .  

F3s assurance that the composition of the gas in the ullage space 

o r  in a reference volume i s  truly representative of the average gas com- 

positicz. some type of gas-sampling technique i s  often required. This i s  

particcZarly critical when fresh gas f rom the pressurant tank i s  passed 

into the ullage volume, In Section 2.1. 5. 2 ,  the results of a brief study 

of ga s  z ~ d  vapor stratification a r e  presented. 

2-12 



In summary,  an ideal propellant gauging system for operation a t  

zero o r  low gravity should not be sensitive to the propellant location 

within the tank; should not require stratification sensitive measurements; 

and should be capable of operating whether the sensor i s  in contact with 

propellant or  pre ssurant  gas. 

2. 1. 5. 1 Ullage Gas Orientation by Surface Treatment 

A number of different systems examined in the study contained a 

requirement for  a sensor to be located in  an ullage bubble. While i t  

i s  well known that liquidlgas separation can be obtained by the use of 

screens and other high surface tension devices, simpler techniques also 

appear possible, i. e. , coating of portions of the tank wall with non- 

wetting materials.  

This section describes the liquid behavior in  a cylindrical tank under 

zero g environment. Part icular  attention i s  devoted to those applications 

for  which i t  i s  desirable to have the ullage located a t  a definite region 

inside the tank a t  a l l  times. Numerical results a r e  carried out for a 

cylindrical tank of 48-inch diameter,  150-inch height and 89% filled with 

nitrogen tetroxide, NZO4 It i s  found that the interface will remain stable 
-3 -4 

i f  the disturbance accelerations a r e  less  10 to 10 g. 

Static Interface Configuration Under Zero g 

For  a wetting surface with contact angle 8 ( 0 ~ 5 6 5 9 0 ~ ) ,  the static 

interface (z  = y( r )  in  Figure 2-3) under zero g environment i s  a part  

of a spherical surface intersecting a t  an angle 0 with the tank wall 

(see ,  for example, Reference 2- 1). The function y( r )  i s  given by the 

equation below. 

2 2 [sec e - (y - yo)/a]2 + ( r /a)  = set 0 

For  8 = o0 ( sec  6 = l ) ,  Equation 2. 1-1 shows that y ( r )  i s  a hemispherical 

surface and 

Fo r  8 = 90' ( sec  8 zoo) ,  Equation 2.1-2 shows that y ( r )  i s  a flat surface 

and 



ETTING SURFACE 

O 1 
Figure  2-3. Geometry of Tank 

F o r  8 = O0 and a liquid volume V equal to 80% of the total tank volume. 
2 

(ra H) we find 

h =?a $. 133.50 = 149.50 in .  
3 



89 h = - (150) = 133. 50 in. (2. 1-7) 
100 

Thus ii the interior  surface of the tank i s  prepared so that the bottom sur -  

face  a ~ l d  the portion of the cylindrical surface for 0 5 z 5 149.50 in. a r e  

wettizg while the top surface and the portion of the cylindrical surface for  

149.5 r x 1 150 in. a r e  non-wetting ( T e f l ~ n ,  etc .), the ullage will always 

be a t  the top of the tank. The actual interface shape and the height h 

deperci on the contact angle ( 8 in Figure 2-3) between the liquid and the 

solid surface a t  the liquid-gas - solid inter section on the wall. For larger  

contact angles the allowable liquid volume is  more than for smaller contact 
0 

angles. Note that for 0 =  0 , the maximum allowable percentage of liquid 

volurr-e that can be stabilized for the selected tank configuration i s  de- 

termined f rom Equation 2,  1-4 by letting H = h = 150. 

a. -. 

On tk2 other hand if €3 = 90°, this technique can be used for  liquid volume 

up to 100% of the tank volume, For  some typical values of contact angles 

for  various solid-liquid-gas combinations see,  for example, Refer - 
ence 2-2 .  

Natural Frequencies of the Liquid 

0 Fo r  8 = 90 (i. e. , the case of a flat interface) the natural angular 

freq2encies w of the liquid, including the surface tension effects, a r e  
n 

give-s by the following expression (see, for  example, Reference 2-3). 



2 
h 

k?n' )k ln tanh kln ;i 

where 

u = surface tension of N 0 = 27.5 dyne/cm 2 4 

p = densityof N204 = 1.45 gm/cm 3 
-3 
L 

agopa 
B = u = 3146a = Bond number fo r  N 0 2 4 

L 

go = gravitational acceleration a t  sea level = 980.66 cm/sec 

cr = acceleration level in  g (2. i - . t i )  

k i n  = characteristic mode numbers 

where k l  = 1.841 

k12 = 5.331 

k13 
= 8.536 

k14 = 11.706 

Thus fo r  a =  0 (zero g environments) the fundamental natural frequency 

(n = 1) for  the 89% full tank of-N204 (h = 1 3 3  50 in) according to Equa- 

tion 2. 1-7 i s  

u 
- ( k3 tanh k l l  - 3 a 11 

0 
Fo r  contact angles other than 90 Reference 2-2  gives an approxi- 

mate formula for the fundamental frequency 



2 0- Yo w = -(6.255 + 1.841B - 4.755 cos 0) tanh 1.841 --- 3 a (2. 1-13) 
Pa 

Thus f o r  8 = 0" in  the case  of 89% full liquid, y = 149. 50 - 24.00 (according 
0 

to Equations 2.1-2 and 2.1-5) and since at zero  g we have B = O .  

27' 5/1 '  45 (6.255 - 4.755) tanh 
= [ 243 

To avoid resonance phenomena, any disturbance a t  o r  near  these natural 

frequencies should be avoided. 

Dynamic Stability Under Adverse Thrust  

Equation 2.1 - 10 shows that if the Bond number, B, is m o r e  negative 
0 

than -3.39 (in the case  of 8 = 90 ), the frequency will be imaginary, indi- 

cating a dynamic instability. This corresponds to 

Similarly,  according to Equation 2. 1-13, dynamic instability will occur 
0 i n  the case  of 8 = 0 if @ is m o r e  negative than 

Equations 2. 1-15 and 2.1-16 show that under t ransverse  disturbance, an  
- 3 

acceleration i n  excess of 1.08 x 10 go in  - z  direction (Figure 2-3) 
- 4 in  the case  of 8 = 90°, o r  a n  acceleration i n  excess of 2.7 x 10 g in  -2 

0 
direction in  the case  of 0 = 0 , will render the liquid unstable. 

2. 1 . 5 . 2  Mixing Processes  in Vapor-Gas Mixtures 

In this section, a brief discussion of the mixing ra tes  of helium 

and propellant vapor under ze ro  gravity will be presented. Since some of 



the systems 25s cus sed in Section 3 a r e  dependent upon obtaining good 

mixing betweer: the helium and propellant vapor, some estimates a r e  

required of the time that it will take a vaporlgas mixture to attain 

equilibrium. 

The mi*=lg process between gas and vapor under normal gravity 

conditions i s  c2ntrolled by three processes: forced convection, f r ee  

convection, ars diffusion. Under zero  gravity, f r ee  convection under the 

influence of t expe ra tu re  gradients does not occur. Forced convection 

can occur a s  2 result  of fluid motions either under the influence of smal l  

acceleration ftelds o r  because of propellant expulsion o r  pressurant  

introduction. ?iowever, i t  is quite difficult to predict these effects, 

particularly uzder  zero gravity. The last  process, diffusion, i s  the 

slowest mixir-g process. It  i s ,  however, amenable to calculation, Thus, 

recognizing tket  the mixing process may be drastically speeded up by 

forced conveczion currents in  the tank, calculations a r e  presented below 

fo r  the diffusisn-limited case. This condition represents the upper limit 

i n  the mixing time. 

To exarAne an idealized diffusion-limited mixing process,  consider 

the tank show= in  Figure 2-4. The tank i s  initially 95% full and pressur-  

ized with h e l k m .  The engine ignites and pure helium gas enters a t  the 

top of the tank- A large gradient in the propellant vapor concentration 

i s  established in  the tank with almost pure helium near the top and a 

layer of heliu-3 saturated with propellant vapor near the liquid surface. 

When most  02 :he propellant i s  depleted, the engine i s  shut off. The 

liquid r e o r i e ~ z s  itself to a near spherical shape, thus minimizing the 

surface tensiax energy. If during this process no forced mixing of vapor 

and helium occurs ,  the situation would be that shown in  Figure 2-4.  

The layer ne t -  the propellant surface i s  saturated with vapor and the 

center of the bubble consists of pure helium. Calculations showing the 

ra te  of diffuslan for  spherical gas pockets under these highly stratified 

conditions a r e  shown in Figure 2-5 .  As can be seen, the mixing time 
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Figure 2-4 .  Diffusion- Limited Mixing P rocess  
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Figure  2-5 .  Rate of N 2 0 4  Diffusion into Helium 
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constant fo r  a typical size gas pocket i s  about 2 0  minutes. Thus, even 

in this severely pessimistic case, complete mixing would be finished in 

less  than one hour. When one includes the effect of convective currents 

caused by the velocity of the entering helium, sloshing and splashing of 

propellants during engine shutoff, and movement of the propellant under 

the influence of surface tension, it becomes apparent that complete 

mixing will occur quite rapidly, perhaps within 5 to 10 minutes. 

2.2 PROPELLANT CHARACTERISTICS 

A systematic survey of the properties of the two specified propellants 

(NZ04) and Aerozine - 5 0 )  was carr ied  out early in the general survey to 

determine which, i f  any, of these properties could form the basis of a 

propellant gauging system. These properties a r e  summarized in this 

section. Some properties were not available and these were calculated 

where possible. In one case, some simple experiments were performed 

to obtain light attenuation properties fo r  infrared, visible, and ultraviolet 

radiation. 

2.2. 1 Physical Propert ies of Propellants 

NITROGEN TETROXIDE MIL-P-26539 (USAF). Nitrogen tetroxide, 

also known a s  dinitrogen tetroxide and NTO, i s  actually an  equilibrium 

mixture of nitrogen tetroxide (N204) and nitrogen dioxide (NO ); the 2 
percentage of NO2 increases with increasing temperature. In the solid 

state, N204 i s  colorless; in  the liquid state the equilibrium mixture i s  

yellow to red-brown, varying with temperature and pressure;  in the 

gaseous state it i s  red-brown. Nitrogen tetroxide i s  a highly reactive, 

toxic oxidizer which i s  thermally stable and insensitive to a l l  types of 

mechanical shock and impact. Although nonflammable, it will support 

combustion, and upon contact with high-energy fuels such a s  hydrazine, 

will react  hypergolically. It has an irritating, unpleasant, acid -like 

odor. 

AEROZINE-50 (A-50) MIL-P-27402 (USAF). Aerozine-50 i s  a 

nominal 5 0:50 rnixture by weight of hydrazine and unsymmetrical 

dirnethylhydrazine (UDMH). It i s  a clear,  colorless, hygroscopic 

(absorbs moisture readily) liquid, with a characteristic ammoniacal 

odor. When exposed to the a i r ,  a distinct fishy odor i s  evident in addition 



to the ammonia odor, probably due to a i r  oxidation of UDMH. To 

prevent degradation of performance due to moisture absorption f rom the 

a i r ,  Aerozine-50 should be stored and handled in  closed dry equipment 

under a blanket of nitrogen. Aerozine-50 i s  insensitive to mechanical 

shock but i s  flammable in both liquid and vapor states.  At room tem- 

perature the vapor over Aerozine-50 i s  greater  than 90 percent UDMH. 

Aerozine-50 i s  considered to be a hazardous propellant due to i t s  toxicity 

and flammability. 

The physical, thermal, and electrical properties of the propellants 

a r e  presented in  Tables 2-5 and 2-6. 

2.2.2 Transmission Characteristics of Propellants 

In Figures 2-6, 2-7, 2-8, and 2-9 the attenuation characteristics 

of the propellants to light, X-rays, and neutrons a r e  presented. The la t ter  

three curves have been calculated f rom nuclear data while the light charac- 

ter is t ics  were  obtained experimentally. 

WAVELENGTH MIGRONS 
5o/w M ~ / U M ~ A H  NZ 04 

Figure 2-6.  Eight Attenuation Characteristics 



Table 2-  5. P roper t i e s  of Nitrogen Tetroxide, (NTO), N 2 0 4  

PROPERTY 

Molecular Weight 

Boiling Point, OF 

Freezing Point, OF 

Critical Temperature, OF 

VALUES 

92.02 

70 

11.8 

317 

at  vapor pressure 

0. 50 0.41 0. 34 0. 16 

Electrical Conductivity, 



Table 2-6.  P r o p e r t i e s  of Aerozine-50 (A-50,  50/ 50, UDMH[/Hydrazinej, 
(CH2) N2H2 /NZH4 

PROPERTY 

Molecular Weight 

Boiling Point, O F  

Freezing Point, OF 

Cri t ical  Tempera tu re ,  OF 

Cri t ical  P r e s s u r e ,  psia 

3 Density, lbm/ft 

Vapor P r e s s u r e ,  psia 

Heat of Vaporization, 
~ t u / l b ~  

Heat of Fusion, Btu/lbm 

Viscosity, Centipoise 
Viscosity, lbm/sec  f t ( x l 0  ) 

Specific Heat, Btu/lbm OF 

Surface Tension, lbf / f t  

T h e r m a l  Conductivity 

~ t u / f t ~ / h r /  ( ' ~ / f t )  

r i ca l  Conductivity, 

Dielectr ic  Constant 

VA LUES 

45 .0  average 

146 f o r  UDMH and 235 fo r  N H4 
2 

18.8 

634 

1696 

ZO'F 60°F 1 0 0 ~ ~  1 6 0 ~ ~  - - - -  
a t  1 a t m  57. 9 56.6 55.4 53.4 
a t  1000 psia  57.0 55 .7  53 .9  

20°F - 6 0 ' ~  - - - -  1 0 0 ~ ~  1 2 0 ~ ~  1 6 0 ' ~  
0.60 1.70 4.60 7. 00 15. 0 

425.8 (at B. P. ) 

1 a t m  1000 psia 

20°F 6 0 ' ~  1 0 0 ~ ~  1 6 0 ~ ~  - - -  
1.505 0.944 0.665 0.453 

10. 11 6.35 4.47 3.04 

20°F & 1 6 0 ~ ~  

- 0. 949 0.669 0.457 - 6. 38 4.50 3. 07 

40°F - 80°F - 1 2 0 ~ ~  - 16 OOF 

0. 685 0.694 0.705 0.717 

2 . 8  x @ 68OF 

0.151 

6.2 x - 7.04 x 



F i g u r e  2-7. Photon Transmiss ion  
in N 2 0 4  Oxidizer 

F igure  2- 8. Photon Transmiss ion  
in Aerozine-50 Fuel  
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Figure 2-9. Neutron Transmission,  
8 Mev "Removal" 



3 .  OUTLINE OF  POSSIBLE GAUGING TECHNIQUES 

This section presents a brief discussion of the various techniques 

studied during the general survey which might be applicable to propellant 

gauging. In addition to presenting the systems, a brief discussion of 

their predominant problem a r e a s  i s  included. For  this effort the systems 

were  evaluated on the basis  of their capability to adequately gauge the 

specified propellants under zero and low gravity conditions in a bladderless 

tank. Some of the rejected systems might, therefore, be quite adequate 

fo r  gauging when the propellant orientation i s  known or  when the pxopellants 

a r e  different. 

None of the systems studied appeared capable of meeting the over- 

a l l  requirements stated i n  Section 2. Two systems, the RIGS (Resonant 

Infrasonic Gauging System) and the RHO gauge, appear capable of gauging 

the propellant under zero gravity to a n  accuracy of f l .  5% (3u). However, 

both of these systems can be appreciably in e r r o r  during and immediately 

after  a long engine firing. One system, employing a phase shift measure-  

ment from a l ase r  appears to be promising for propellants which a r e  

highly transparent. 

ACOUSTICAL TECHNIQUES 

Among the most  attractive approaches to the measurement of 

propellant quantity under zero  gravity a r e  the acoustical techniques. 

While this attractiveness a r i s e s  from the apparent simplicity of the ideas 

and methods involved, the systems a r e  not a s  simple a s  they initially 

appear. There a r e ,  however, r ea l  advantages to the acoustical methods 

which justify careful study. 

The primary advantage of these systems lies i n  the fact that low 

frequency acoustical techniques measure the gas volume directly and 

a r e  not sensitive to the actual dimensions of that volume. This i s  a 

resul t  of the large difference in compressibility between the gas and the 

i d .  Major problems ape encountered in  the actual design of a system, 

primari ly related to the variations in Y ,  the ratio of specific heats, and 

liquid entry into the acoustical elements. In addition, a s  pointed out i n  

Section 3 .  1.1.4, the frequency selected must be low enough to insure 



effective communication between al l  of the gas  cavity. However, the 

potential of a direct measurement of the ullage volume i s  so attractive 

that appreciable effort to overcome these problems i s  worthwhile. 

p .  The acoustical systems considered i n  this section can be classified 

a s  infrasonic and acoustic mode systems. The infrasonic systems may be 

further categorized a s  either amplitude sensitive, phase sensitive, o r  

, a resonant systems. 

r-.l 3. 1. 1 Infrasonic Systems 

3.1.1.1 General Analysis 

Infrasonic systems measure the compliance o r  springiness of a 

gas. Fo r  example, consider the system shown i n  Figure 3-1. At the 

s ta r t  the gas pressure  in the tank i s  Po. The tank volume i s  then changed 

by a known quantity, AV. The increase i n  pressure in  the tank, using 

the perfect gas law i s  

pvK = CONSTANT (3.1-1) 

where 

I3 = .pressure sub = refers  to initial- condition 

V = volume sub = refers  to reference volume 
y = ratio of specific heats 

sub = refers  to volume No. 1 cb = volumetric flourate 

A = area  

M = inertance 

m = mass 

C = capacitance 

c = acoustic velocity a 

1 = length 

o = angular velocity = 2 ~ f  

sub = refers  to volume No. 2 

f = frequency 

R = flow resistance 



V = -  Y.&p PISTON 
@ o  n 

or  for small V 

where K = polytropic expansion 
coefficient. 

If the process i s  done rapidly, 

the system i s  adiabatic and K i s  

equal to the ratio of specific heats, 

Figure 3 - 1. Simple Piston System Y .  

AV Vo = - Y ap Po (adiabatic) (3.1-5) 

Thus, if Y and Po a re  known,the tank volume can be calculated. Because 

measurement of Y and Po complicate the system, it  has been proposed 

to automatically compensate for these quantities by use of a reference 

volume a s  shown in  Figure 3 - 2 .  As the same small volume change is 

applied to both volumes V, and VR, the ratio of the two volumes i s  

If the two pressures  a r e  equalized by a low frequency acoustical 

filter, then Po = PR. Also, i f  the composition of the gases in  both 

volumes a r e  the same, Yo = YR. Thus, 



f 

This i s  the basis of the sys- t 
tem proposed by Simmonds Prec i s -  ! 

ion Products i n  Reference 3 - 1. As 1 
can be seen from the above equations, 1 
i t  i s  necessary in this system to b 
insure that Y in  the reference 

volume i s  the same a s  that in  the 
I 
I 

tank. Under conditions of zero 

gravity this i s  difficult. In Fig- 

u re  3 - 3 ,  the variation in  Y with 

i 
temperature i s  shown for helium 

pressurant at 200 psi saturated 

with nitrogen tetroxide vapor. The 

lack of convection currents under 

zero  gravity, together with the 

Fig- re 3-2. Piston System with poor communication between the 
Reference Volume two volumes through the low 

freqxency acoustical filter, almost insures that the gas composition in  

the rwo volumes will be different for appreciable periods after any firing. 

The nagnitude of the e r r o r  will be directly proportional to the variation 

i n  tke Y between the two volumes. 

A second, and perhaps more difficult problem i s  the accurate 

measurement of the pressure change in  the ullage gas, since this 

p ressure  change can vary over a 40: 1 range. With the propellant 

near ly  depleted, an accuracy of 0. 01 25% of the full tank measurement 

i s  required to maintain the e r ro r  from this source below 0.  570 of the 

full -rank weight. Recognizing the difficulty of the problem, Simmonds 

(Reference 3-1) proposed a force balance technique similar to that used 

in high grade seismic accelerometers. These devices have achieved 

accxracies of 0.00570 of full scale. However, such accuracies have been 

e x p ~  rienced only for slowly varying accelerations while using pulse tor 

to re -~ ing  - digital techniques with appreciable smoothing, not sinusoidal 

inprszs. In addition, small random vibrations, accelerations, and pressure 

f luc~ia t ions  during engine firing will add appreciable noise to the system. 



TEMPERATURE, OF 

Figure 3 - 3 .  Variation of Gamma with N 2 0 4  Concentration 
and Temperature 

Because of the difficulty of achieving accurate wide range amplitude 

measurement, phase sensitive systems appear to be more desirable. 

3.  1. 1 .2  Phase Sensitive Systems 

The phase sensitive systems a r e  based on the fact that at low 

frequencies (wavelengths appreciably greater than tank dimensions) the 

various acoustical elements act a s  lumped impedances and can be treated 

a s  analogues of normal electrical networks. In Figure 3 - 4, the equivalent 

analogues a r e  shown for acoustical, electrical, and mechanical systems. 

The acoustical resistance i s  defined by the pressure drop required 

to cause a unit volume flowrate through the resistance element. In 

general, the resistance i s  designed to operate in  the laminar flow region 

by providing many small openings and the flowrate i s  directly proportional 

to the pressure drop. Thus, the acoustical resistance RA i s  



GOMPLIANCE 
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Figure 3 -4. Acoustical, Electrical and Mechanical Analogues 

The acoustical inertance, M, is  analogous to electrical inductance. 

The acoustical inertance, M, of an element i s  defined as  

where A i s  the effective radiation area of the mass, m. 

The acoustical compliance C of an element i s  defined as the volume 

displacement produced by application of a unit pressure change. It is the 

analogue of electrical capacitance, which i s  similarly defined a s  the 

change per unit of applied voltage. For an enclosed volume Vo, 

Equation 3.1- 5 leads to 



As long a s  the acoustical wavelength i s  large compared. to any tank 

dimensions and the pressure  wave i s  small in amplitude, these lumped 

parameters  will adequately represent  the acoustical sys tem. The driving 

pressure,  P, i s  analogous to voltage and the acoustical flowrate, Q, 

analogous to current.  Consider the following simple example. 

Everyone i s  familiar with the tone generated by blowing ac ross  the 

top of a narrow-neck bottle. The effect (a  Helmholtz resonator) can be 

simply analyzed by using the analogs developed previously. The equi- 

valent circuit  for a Helmholtz resonator i s  shown in  Figure 3-5 where 

the resistance, compliance, and inertance a r e  a s  shown below 
7 

pol  (assuming a uniform cross-  
m - M  = -  
A~ -A 

sectional a r ea  long lengh, I ) 

Resonance o c c w s  when wM = 11 G ~ C  or 

where c = acoustic velocity a 

Figure 3 - 5. Helmholtz Resonator 

3-7 



The sharpness o r  Q a t  resonance i s  definitely 

Now consider a n  actual system. The system shown in Figure 3 - 6  
consists of a sinusoidal driver and two volumes separated by an acoustical 

resistance. This can be represented by an equivalent circuit shown in  

Figure 3 - 6 .  

where 

v, 
and C2 =- 

YPo 

The amplitude change across  the resistor  R is 

ELECTRODYNAMIC 
DRIVER 

WHEN f#, = f Z  

Figure 3-6. A ~ ~ o u s t i c a  Propellant Gauge 



The phase shift across the resistor  R i s  

V D  
i I I- 

0 9 = arctan = arctan 
* 'aRa 2 IT f V ~ R ,  

wkere w = 27~ x frequency. 

The system above i s  the main element of the gauging system 

ds-,-eloped by Acoustica Associates under contract to the Air Force 

(Eeierences 3 - 2  and 3 - 3 ) .  In order to measure the phase shift, Acoustia 

u5-lzed a phase lock system in which the phase shift in a reference volume 

( 5  5 e Figure 3 -6) was maintained the same as  that in  the ullage system by 

drrving with a variable frequency source. When the two phase angles a r e  

If the pressure and specific heat ratios a r e  the same in both 

vcLumes then 

Tke value of the constant can be determined by calibration. 

This system has certain basic difficulties, Fi rs t ,  a s  constituted, 

li;-.xid entering the reference volume and acoustical resistance can com- 

pletely void the system. Any attempt to use heaters, surface tension 

d e ~ i c e s ,  etc., to eliminate liquid entry, serve only to isolate the reference 

vclume and insure that the composition and thus Y will be different from 

t k t  i n  the tanks. In addition, the value of the acoustical resistance i s  

tez2perature sensitive. 

A better approach for zero gravity gauging appears to be to corn- 

pl5tely isolate the driver and reference volumes and to correct  for the 

3 ;-ariation by external transducers. Such a system appears in Fig- 

urs 3 - 7 .  Provided the isolating diaphram has sufficiently low mass  and 

tks spring rate,  the basic equation i s  still the same except that the y 



Figure 3 -7.  Phase Sensitive Infrasonic System 

correction is  not handled automatically. The system i s  further analyzed 

in  Section 4.1 and has certain major shortcomings, namely the system 

becomes non-operative i f  liquid i s  directly on the diaphram; the acousti- 

ca l  resistances a r e  quite temperature sensitive; and slight nonlinearities 

i n  the system can lead to appreciable shifts in  the phase angle and reduce 

the accuracy of the system. 

3, 1. 1.3 Resonant Mass Systems 

In order  to minimize some of these effects an additional infrasonic 

system was devised. This system, the resonant infrasonic gauging 

system (RIGS), utilizes a resonance between a supported weight and the 

compliance of the gas volume. The RIGS system, with i t s  equivalent 

circuit i s  shown in  Figure 3-8. A complete preliminary analysis of the 

system i s  found in  Section 4. 1. The system operates by using a variable 

frequency driver to seek a null pressure in the driving volume. At this 

point, the mass  of the diaphram i s  in  resonance with the tank ullage 

volurne, a s  sho-wninPigure 3 - 9 .  Thus, 



VARIABE 
FREQUENCY 

DRIVE 
I 

- 

SNUBBED 
PRESSURE 
BALANCING 
BELLOWS 

Figure  3 - 8. Resonant Infrasonic Gauging System, RIGS 

o r  

CONSTANT DRIVER 
DISPLACEMENT 

vU = y P  A' = constant  x 9 
4rr2fRZ M f~ 

Since the sys t em does not 

depend on an acoustical resis tance,  

the sensitivity to tempera ture  is 

reduced. The resonant technique i s  

a l s o  insensit ive to  nonlinearities i n  

the system. Major disadvantages 

include the sensitivity to  Y and the 

2 10 100 affect of liquid against  the m a s s  

DRIVER FREQUENCY diaphragm. 

Figure  3 - 9 .  RIGS Response 



5. 1. 1 .4  Transmission of Infrasonic %raves Through Liquid 

One of the major problem areas  associated with al l  of the infrasonic 

systems i s  the detection of gas pockets submerged in the liquid, a s  shown 

5 3  Figure 3-10. In order for the submerged gas pocket to respond to the 

ixput driver the mass  of propellant between the ullage gas and the gas 

~ o c k e t  must be accelerated. In this situation there i s  an additional 

impedance due to the liquid mass ,  a s  shown in Figure 3-10. The effec- 

t ive compliance of the gas pocket i s  

SUBMERGED GAS POCKETS 
In Figure 3-1 1, the e r r o r  in 

measuring a 1 cubic foot volume of 

submerged gas i s  shown a s  a function 

of both the submerged distance and 

frequency. As can be seen f rom the 

figure, frequencies above 10 cps will 

lead to appreciable e r r o r  indetection 

of submerged gas for  the Apollo-size 

tanks. This limits the allowable f re -  

quency range for all  of the infrasonic 

systems. 

e i  3. 1.2 Acoustical Resonance 
Counting 

The existence of normal 

CK. IVER .k modes (or standing waves) in an 
Y p 

acoustical cavity, i s  a well known 
I I phenomenon, which has been exten- 

Figure 3-10. Submerged Gas sively studied because of i t s  

Pocket Analogue importance in architectural acous - 
t ics (See References 3-4 and 3-5). 
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Figure 3- I I .  Effect of Frequency of Gas 
Pocket Attenuation 

It can  be shown that for a rigid rectangular enclosure standing waves 

wil l  exist a t  frequencies satisfying Equation 3 .  1 -  1 8  below. 

when 

1 1 = length in  indicated direction lx. y9 " 
c = velocity of sound 

n n n = characteristic integer x* y' z 

= o ,  1, 2 ,3 ,  ..... 



An infinite number of such modes exists, and can be characterized 

by the three characteris t ic  integers,  nx, n and nz a s  i t  varies between 
Y' 

0 and infinity. It should be apparent fror-n the equation that the frequency 

of each single mode i s  strongly dependent on physical dimensions of the 

cavity and will change a s  the shape of the cavity (ullage space) varies.  

Thus, the measurement of a single resonant frequency will not adequately 

measure  the ullage volume under zero gravity. 

A somewhat different approach i s  suggested in  Reference 3 - 6 ,  

based on the distribution of the normal modes. The total number.of 

modes below a given frequency in a rectangular cavity i s  expressed in 

Equation 3. 1 - 19 

where 

V = total volume of the cavity r 

S = total surface a r ea  of cavity 

L = sum of the length of the sides of the cavity 

f = frequency 

N = total number of resonant modes below frequency f. 

The number of normal modes having frequencies i n  a bandwidth, 

~ f ,  centered around frequency, f ,  can be obtained by differentiating 

Equation 3. 1 - 19 

where 

AN = number of modes in band Af,  

Af = frequency band centered around f. 



It i s  apparent f rom Equation 3. 1-20 that as  the frequency increases, 

the effect of the surface area  and length-dependent t e rms  become negli- 

gible and the approximation shown in Equation 3 .  1-21 becomes valid. 

a s  f grows large 

Under these conditions, the number of normal modes i s  indepen- 

dent of the dimensions o r  shape of the cavity and becomes a direct 

function of the ullage volume. Therefore, i f  the number of normal modes 

can be measured, the ullage volume and then the propellant volume and 

mass  can be obtained. 

The simplest method of counting modes i s  to excite the cavity with 

a sine wave of changing frequency. When the driver frequency matches 

that of each mode in succession, a resonance is noted and automatically 

counted. 

Unfortunately this method, simple as  it seems,  has certain funda- 

mental difficulties. P r imary  among these difficulties i s  the large num- 

ber  of degenerate normal modes usually present. Degenerate modes a r e  

standing waves having different characteristic integers but the same 

characterist ic  frequency, i. e . ,  only a single mode will be detected a t  

the characterist ic  frequency even though multiple modes a r e  actually 

present.  The number of degeneracies increases a s  the degree of 

symmetry of the cavity increases.  In the case of cubes and spheres 

sixfold degeneracies a r e  quite common. F o r  gauging under zero gravity 

where propellant orientation i s  somewhat random, i t  will be impossible 

to distinguish between a change in the ullage volume and a change of 

shape o r  characteristic dimension and symmetry of the ullage space. 

While the above appears sufficient to eliminate the system f rom 

fur ther  consideration, analyses indicated the following additional short- 

co'mings of the system: 

Since the technique requires high frequencies, 
any submerged gases would not be detected (see 
Section 3.  1. 1.4).  



4 
e The large number of maxima to be counted (> lo  ) 

over narrow band would be difficult to implement. 
As shown in Figure 3-12, the modes a r e  not evenly 
spaced, but occur a t  random frequencies. Thus, the 
transducer must be able to detect the equivalent of 

6 l o 5  to 1 0  evenly spaced modes in order to not 
count closely spaced multiple modes a s  a single mode. 

Viscous damping in the gas would tend to smea r  out 
the individual modes. 

F o r  an infinitely slowly changing 

frequency, the interaction between 

the cavity and the transducer will 

have approximately the shape of a 

normal resonance curve. In order 
ENERGY LEVEL 

to distinguish clearly between two 

such interaction curves, the two 

1.0 1.2 curves should intersect  a t  some- 

FREQUENCY, 10" CPS 
thing less than half - their maximum 

values. To get lo5 different modes 
Figure 3 - 12. Typical Mode Pattern 

in Propellant Tank equally spaced in wavelength ratio 

into an  octave, the wavelength 

ratio between each two must be 

1.000007. 

In order  to have two modes, spaced by this wavelength ratio, 

separately countable, the Q for the two modes must be greater  than 

1 /(wavelength ratio - 1). This quantity, Q, i s  simply 2~1./f  r ic  tional dis s i -  

pation, (Reference 3 -7) ,  where the frictional dis s ipation i s  the fraction 

of energy stored i n  the standing sound waves of the excited mode which 

i s  dissipated in  a i r  friction and similar  losses,  each cycle. Thus the 

frictional dissipation must be l ess  than 4 . 4 ~  10-5 of the input power. 

Since the frictional dissipation i s  likely to be approximately 1% due 

to thermodynamic losses in  the fluid, and losses through the boundaries of 

the cavity to the a i r ,  the supports, and the piping, i t  i s  plain that the 

individual normal modes will be so smeared out that several  thousand 

would be excited by any given wavelength of excitation. The simple 

method of mode counting then fails by a factor of something like a thou- 

sand of being realizable in  a practical situation. 



3 . 2  INTERACTION WITH A N  ELECTROMAGNETIC F IELD 

When propellant is placed in  a n  electromagnetic field, i t  interacts  

with the field to  a l t e r  i t  in  a predictable manner.  I n  this section we will 

investigate the use  of these interactions to  gauge the propellant quantity. 

Electromagnetic  radiation covers  a wide variety of phenomena, 

ranging f r o m  radio frequency waves to  gamma radiation. However, a l l  

e lectromagnetic  radiation may  be character ized by any of th ree  pa ramete r s ;  

the wavelength, the frequency, o r  the energy of the photon waves. A l l  

t h ree  a r e  interrelated a s  follows: 

and 
I "  

l. J 

where  

v = frequency 

c = speed of propagation 

X - wavelength 

h = Planck's Constant 

I" 
1 P 

E = Energy 
t3 

F o r  a be t te r  understanding of the possible interactions between the 

field and the propellant, a brief description of dominant effects over  the 

ent i re  range of electromagnetic spec t rum follows. Figure 3-13 shows 

the p r i m a r y  regions of propellant and field interaction. At radio f r e -  

quencies,  the wavelength of the radiation i s  long compared with 



FREQUENCY 

BAND NAME 

VJAVELENGTH 

POLARIZATION A N D  FREE 
ROTATION OF MOLECULES 

INTERNAL ROTATION OF MOLECULES 0 
VIBRATION OF MOLECULES 0 

OUTER ELECTRONIC STATES OF ATOMS A N D  MOLECULES n 
CORE ELECTRONIC STATES OF ATOMS 0 

NUCLEAR STATES L_1 
Figure 3 - 13 .  Electromagnetic Radiation Spectrum 

. 
dimensions of the propellant molecules, and the primary interaction i s  

polarization of the molecules. Since the propellants a r e  non-magnetic, 

the effects of the magnetic dipole a r e  negligible and the electric dipole 

properties a r e  dominant. A dielectric material  increases the storage 

capacity of a capacitor by neutralizing charges a t  the electrode surface 

which otherwise would contribute to the field. We may visualize this 

effect, dielectric polarization, a s  the action of dipole chains which 

form under the influence of an applied field and bind countercharges 

with their f ree  ends a t  the conductive surface a s  shown in Figure 3-14. 

The net effect of the dipole charge i s  to increase the ability of the con- 

ducting surface to retain the charge. The ratio of the charge-containing 

capability of a material  to that of a vacuum i s  called i t s  dielectric 

constant, E. 

In  the radio frequency region, one additional property of great 

importance i s  the electric conductivity of the propellant. The conduc - 
tivity determines the rate of dissipation in the propellant. The loss 

factor i s  the ratio of the loss (due to the conductivity of the material)  
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Figure 3-14. Dielectric Effect of 

a Polar Molecule 

divided by i t s  ~ e a c t i v e  component (due to the dielectric effect). For  a 

given materia-, a s  the frequency increases the loss factor due to con- 

ductivity decr  s a se s ,  and finally becomes negligible in  the high energy 

microwave region for  any liquids that we will consider. Typical curves 

of loss  factors  versus  frequency for  Aerozine-50 a r e  shown in 

Figure 3-15. 

At highr r frequencies, the next region of interest  consists of infrared 

radiation visikle light, and ultraviolet radiation. In this region, a s  shown 

in  Figures 3 - 1  3, the wavelengths a r e  comparable to that of the atoms 

and molecules ~f the propellant. Thus, in  this region the primary 

interaction is absorption of an electromagnetic wave resulting in  an 

increased rozr iona l  and vibrational energy state of the propellant mole- 

cules. This i; zergy can be eventually dissipated either in heat, or  in the 
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Figure 3-15. Loss Factor f o r  Fuel  Versus Frequency 

case  of energetic waves, a s  secondary radiation a t  different wavelengths. 

Dielectric polarization continues to  be important in  this region, resulting 

in  a reduced velocity of light through the propellant compared to that of 

a vacuum. 

Fur the r  increases  in  the energy of the electromagnetic radiation 

leads to the region of X-rays and gamma rays .  In this region the 

interactions a r e  with nuclear and core  electronic s tates  of the atom. 

The speed of the electromagnetic wave i s  that of f r e e  space and polariza- 

tion i s  no longer of any importance. The energy of the electromagnetic 

radiation is quite high in  this region and secondary photon emission, 

resulting f rom the interactions of the propellant and the pr imary  photon, 

is quite common. Most propellants a r e  ra ther  t ransparent  in this range; 



thzs ,  each region of the electromagnetic spectrum may be characterized 

by zertain basic interactions. These a r e  summarized below and form 

thz basis of a number of possible gauging systems.  

Radio Frequency Wavelength i s  long compared to 
atoms, can be the same magnitude 
a s  that of the tankage. 

Dielectric properties dominate. 

Pr imary 10s s mode conduction 
up until microwave region. 

Light (IR, Visible, UV) Wave length i s  comparable to the 
size of atoms and molecules, thus 
waves act  primarily a s  beams. 

Speed of light affected by 
dielectric properties. 

Pr imary loss mode i s  photon 
-- - - absorption by interaction with 

atomic and molecular energy 
modes. 

Refraction a t  interfaces i s  important. 

X-Ray, Gamma Ray Wavelength i s  small  compared to 
atoms, waves act a s  sharp beams. 

Speed of propagation close to that 
of vacuum, unaffected by dielectric 
properties. 

Pr imary loss mode i s  photon 
absorption by nuclear interactions, 
usually resulting in secondary 
photons being emitted. 

3 .2 .1  Radio Frequency Techniques 

The statement of work for the study specifically eliminated radio 

frequency systems f rom the study. However, during the brainstorming 

5% ssions a number of R F  systems were suggested and critiqued. In the 

izzerest of completeness, a brief summary of these systems is presented 

L= this section. 



3 . 2 . 1 .  1 Single Resonant Mode 

Appreciable industrial effort has been expended upon the single 

resonant mode technique (References 3-8, 3 -9, and 3-10). In this system 

electromagnetic energy i s  pumped into a cavity partially filled with pro- 

pellant and a number of resonant modes a r e  excited. Selecting a single 

mode, the frequency of the standing wave will be a function of the 

dimension of the cavity, the speed of propagation, and a se r ies  of char- 

acterist ic  numbers a s  shown below for a rectangular cavity (Reference 3- 1 1). 

where 

f = frequency of mode 

c = velocity of wave in  media 

x, y, z = dimensions of cavity 

m, n, p = characterist ic  integers = 0, 1, 2, 3 . . . . . 

Since the velocity of propagation for  a non-magnetic mater ia l  is 

uniquely related to the dielectric constant of the media and speed of light 

in  a vacuum by Equation 3.2-4, the frequency of resonance can'be related 

to the average dielectric constant of the cavity a s  shown in  Equation 3.2-5. 

where 

c = dielectric constant of material  relative to f r ee  space 

c = speed of light in  f ree  space 
0 



combining Equations 3. 2 -3  and 3. 2-4 one obtains, 

Unfortunately, the value of the average dielectric constant in a 

mixed media (gas and propellant) i s  dependent on the actual location of the 

propellant, not just on the relative quantities of the two media. Material 

located near antinodes of the standing wave will have a negligible effect on 

the frequency, while material  located near nodal points will have large 

effects. Thus under zero gravity, when the propellant location i s  not 

accurately known, the quantity of propellant cannot be accurately 

determined. 

3 .2 .  1. 2 Resonant Mode Counting 

As the frequence of a single mode cannot be used to determine the 

propellant quantity it was thought that perhaps the mode counting tech- 

nique discussed under the acoustical systems in Section 3,  i could be 

applied. As shown in  Equation 3. 2 -6, the total number of modes in a 

given radio frequency band i s  double the number for the equivalent 

acoustical system since both-transverse magnetic (TM) and transverse 

electrical (TE) waves must  be considered. 

Thus, by using a mode-counting technique similar  to that presented 

fo r  the acoustical system in Section 3 .  1, it  would appear, a t  f i rs t ,  possi- 

ble to measure the average dielectric constant and hence the propellant 

quantities. However, the problem of degenerate modes discussed in 

Section 3. 1 can lead to appreciable difficulties. If the dielectric constant 

of the two media a r e  close together, the shift in frequency of the indivi- 

dual modes will be smal l  and in al l  likelihood, will not greatly affect the 



number of degenerate modes. However, for materials having substantially 

different dielectric constants, such as  helium and the fuel, the concept of 

an average dielectric constant is  appreciably in e r r o r  and both the number 

and degeneracies of the modes will be quite drastically affected by the 

actual distribution of the fuel. 

A secondary problem with this type of system is  the conductivity of 

the fuel. Though the 10s s factor decreases linearly with increasing 

frequency a s  shown in Figure 3 -  15 the required Q for mode detection 

increases a t  higher frequency. The effect of the fuel conductivity in 

smearing out some of the significant modes can then be appreciable. The 

equivalent acoustical case was discussed in Section 3. 1.2. 

3 . 2 .  1. 3 Low Frequency Measurement 

Low frequency measurements with R F  waves which a r e  appreciably 

larger  than any tank dimension, a r e  analogous to the acoustical infrasonic 

techniques discussed in Section 3. 1. It can be shown that a t  these fre-  

quencies the basic quantity measured i s  the capacitance between the driving 

coil and the tank wall. As discussed in Section 3. 3.2, the capacitance i s  

sensitive to propellant orientation. .~ _ _  
3.2. 1.4 Loss Factor Measurement 

It was proposed to measure the effective loss factor in the propellant 

tank which could then be related to the quantity of propellant. This tech- 

nique appeared to also be quite sensitive to the propellant location. 

3 . 2 . 2  Interaction with Light Beams 

As pointed out earl ier ,  the wavelength of light (visible, IR or UV) 

i s  appreciably less than any pathlength within the tank. Thus the inter- 

actions between the field and propellant a r e  quite localized and the light 

waves may be characterized a s  beams. This presents one of the main 

problems to gauging with light; namely, the narrowness of typical beams 

results in  essentially local sampling of the system which may not be 

adequately representative of the larger volume. While good accuracy 



can be obtained in situations where the propellant orientation i s  known, 

this  can lead to appreciable e r r o r s ,  with a m o r e  random configuration. 

One way out of this problem is  to u s e  m o r e  and m o r e  beams until in the 

l imi t  an  infinite number a r e  used and the e r r o r  f r o m  this  source  i s  negli  

gible. Under these  conditions, both a l a r g e  beam a r e a  and a l a rge  de- 

tec tor  a r e a  a r e  required. 

I n  this wavelength region, the energy loss  i s  largely by photon 

absorption which follows B e e r ' s  Law namely, 

When integrated over  a given beam length, this  becomes Equation 3. 2-8 

which a s s u m e s  no scattering. 

where  

I = Beam intensity 

I = Initial intensity 
0 

P = Mass  attenuation coefficient 

L = Beam length 

This  is the bas is  of the  attenuation techniques presented i n  Section 3. 2. 2.1. 

The velocity of propagation of light through the propellant is a l s o  

affected by the dielectr ic  constant of the propellant 



Thus, the transit time of a light beam through a length of propellant 

and pressurant i s  directly related to the relative lengths of the two media: 

a s  from Equation 3.2-4 c = c E 
-112 

P 0 

where 

t = transit time through gaslpropellant mixture 

t = transit time through same length filled only with gas 
g 

L , LT = path length for propellant and total respectively 
P 

This linear relationship i s  the basis of the phase techniques pre- 

sented in Section 3.2.2.2. In order to determine the power requirements 

for such systems i t  i s  necessary to know the attenuation or transmission 

characteristics of the propellant. These were determined experimentally 

by TRW and reported. in Section 2. Unfortunately, the lack of sufficiently 

transparent windows in the N204  makes the use of light interaction tech- 

nique s impractical. 

3.2.2. 1 Attenuation Techniques 

These techniques employ the attenuation of multiple light sources a s  

measured by multiple detectors to determine the quantity of propellant. 

They a re  similar in character to the nuclear of X-ray attenuation technique 

found in References 3-11, 3-12, and 3-13, except that higher power levels 

a r e  required and no external radiation i s  present. As shown previously, 

the quantity of propellant in a given pathlength can be determined by 

Equation 3.2-8. In actuality, this equation i s  not sufficient to describe 

the situation a s  scattering of light becomes important. More precisely 

then 

I = loBe -PPL (3. 2-11) 

where B i s  the buildup factor due to scattering of light into the detectors 

outside the idealized source/detector line-of-sight. The buildup factor 



depi2ds on the liquid gas interfaces, the refractive index of the propellant, 

phc: :n energy, and actual source/detector geometry. In some cases,  

n a c e l y  a t  high energies, it can be used to advantage by helping to linearize 

the selationship between attenuation and beam length. However, with 

rar.~_orn variations in propellant orientation, large variations in B due to 

ref,--. ctions of the beam will occur with resulting inaccuracies. 

The exponential form of the attenuation equation leads to problems 

of c zrrectly correlating the results of multiple source/detector schemes. 

A r - ~ ~ b e r  of possible single source /multiple detector techniques were 

exaxined,  but none seemed satisfactory. By using individual source/ 

detr ztor combinations the exponential factor can be removed by having each 

de:sctor output proportional to the log of the intensity. However, this i s  

a s s - a i n g  that refractions will be negligible, which is  not realistic. The 

basic  tradeoff appears to be between the number of individual source/ 

de:? ctors which can be tolerated and the required accuracy. This problem 

has been studied in  some depth in Reference 3-13, for relatively well be- 

ha-,-ed propellant under zero gravity. I t  appears that a minimum of 

15 detectors would be required to meet a 570 (3u) accuracy, with the num- 

be: of detectors increasing rapidly with increasing accuracy requirements. 

Other major problems with this system a r e  the variability in light 

a'c s orption properties of the propellant caused by contaminants, availability 

oi" transparent windows, and the high power requirements. 

3 , 2 . 2 . 2  Phase Shift (Transmission Time) Systems 

Another possible technique using light sources i s  the measurement 

of the transmission time of the beam through the propellant. As shown in 

E*;;zations 3.2 -9 and 3.2 - 10, the difference in  the velocity of light in the 

pressurant  and the propellant results in  a linear relationship between the 

propellant quantity in  the path and the transmission time. Recent develop- 

r - t n t s  in the field of high intensity light sources (Xenon tubes), coherent 

Lrzht - sources ( lasers) ,  and high response detectors (gallium arscenide 

c r i l s )  make i t  possible to accurately determine the transmission time of 

Ezht in mixed media. 



F o r  example, consider the system shown in  Figure 3-16. Light 

f rom a modulated lase r  passes through the propellant and i s  detected by 

a gallium arscenide cell. The phase of the light i s  compared to that 

received f rom the same source through a length of calibrated light pipe. 

The difference in  phase between the two beams i s  directly related to 

quantity of propellant in the beam length by Equation 3.2- 10. This type 

of system can serve a s  a simple high gravity level gauge. 

A second system which might be more attractive for zero g 

gauging i s  shown in  Figure 3-17. A single laser  source i s  used to scan 

a large number of individual detectors using a rotating mir ror .  As in  

the case of the attenuation system, a large number of detectors is 

required i n  order to achieve any reasonable degree of accuracy. However, 

because of the linear pathlength relationship, the system i s  less sensitive 

to the actual geometry of the propellant. AS attenuation is  unimportant 

the system is not sensitive to small quantities of contaminants. 

Refraction of the beam poses a major problem here, a s  it can 

result i n  an appreciable lenghtening of the pathlength. This i s  particu- 

larly a problem with the fuel, which has a very high refractive index. 

Statistical analysis would be required in order  to determine the optimum 

location and number of detectors required. Although this analysis was 

not undertaken because of the high attenuation of light in the oxidizer, 

the technique appears to be pr ornising for relatively transparent propellants. 

3.2.2.3 Phosphorescence 

The basic purpose of the phosphorescent approach i s  to reduce the 

sensitivity of the attenuation technique discussed in Section 3.  2.2. 1. A 

phosphorescent mater ia l  i s  one which absorbs photons a t  one energy 

and re-emits the energy a t  a different specific energy level. Let us f i r s t  

consider the case where a known quantity of t racer  is dissolved in  the 

propellant and uniformly illuminated with a light source. If the propellant 

i s  completely transparent to both the activating and phosphorescing light 

waves, then the total flux at the phosphorescent; frequency is  a direct measure 

of the amount of t r ace r  present. This in turn gives a measure of the 

propellant quantity. 



Figure 3- 17. Scanning Laser  Schematic 
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Obviously this is  an unrealistic case. The propellant will not be 

completely transparent to either frequency, but will attenuate the radiation 

both from phosphorescence and the primary source, as  shown below for 

a one-dimensional beam. 

Fo r  the special case of p = pF = p 
P 

IF = AIoXe -PPx 

where 

PF 
= mass absorption coefficient of phosphorescent radiation 

p = mass absorption coefficient of primary radiation '..- 

IF 
= intensity of phosphorescent radiation a t  distance x 

Actually, as  the emitted radiation is  is  entropic, the 3 -dimensional 

effects must be included. However, since no sufficiently transparent 

windows exist in N204 ,  no further work was performed. 

3.2.2.4 Other - Light Interaction Systems 

A number of other techniques were briefly examined in the course 

of the study. All required highly transparent windows which a r e  not 

present in the N204. 

In one proposed technique, the Raman effect is  used to essentially 

provide a self-phosphorescence of the propellant. In the Raman effect, light 

is  scattered by interaction of the beam with the molecules. The frequency of 



the scattered light i s  different f rom the input frequency by an amount 

equivalent to a fundamental vibrational or  rotational frequency of the 

molecule. As the propellant would strongly absorb at' i ts  fundamental 

frequency, the Raman effect allows self -phosphorescent measurements 

a t  frequencies a t  which windows might exist. 

Another technique briefly examined was the measurement of the 

decay time of a high intensity light pulse. F o r  a relatively transparent 

propellant, located i n  a tank with highly reflective walls, a light pulse 

will be reflected through the propellant numerous times before being 

completely absorbed. The decay rate of the light can then be related to 

the quantity of absorbing material  (propellant) in  the tank. Unfortunately, 

the reflectivity and transparency required a r e  not attainable in this case. 

3.2.3 Gamma and X-Ray Techniques 

The statement of work specifically eliminated nuclear attenuation 

systems f rom this study. However, in  the interest of completeness, a 

brief summary of these systems i s  presented in this section. 

3.2.3. 1 Attenuation Techniques 

The discussion of the light attenuation system (Section 3.2. 2. 1) is 

in  general applicable to the gamma and X-ray attenuation techniques. The 

pr imary differences result f rom the availability of transparent windows 

a t  the high energies, a propellant refractive index of unity, and the possi- 

bility of using external sources because the tank walls a r e  comparatively 

transparent.  Since the refractive index of the propellant i s  close to unity, 

refraction of the beam i s  negligible. Any scattering that does occur i s  a 

result of photon interaction with the atomic electrons. The buildup factors 

a re ,  therefore, somewhat more  predictable. As multiple isotope sources 

a r e  available a broader beam can be used and power requirements a r e  

lowered. However, accuracies of k50/o (3u) or better a r e  still difficult to  

achieve with a limited number of detectors. 

One of the major problems other than accuracy i s  crosstalk between 

adjacent tanks. This can be eliminated by using pulsed X-ray sources 

timed to be non-interfering rather than isotopes which emit continuously. 

This, however, results in higher electrical power demands. One addi- 

tional problem i s  the quantity of external, radiation generated. 



3 . 3  INTERACTION WITH OTHER F E L I X  AND BEAMS 

In this section, a number of different techniques using field and/or 

beams to measure propellant quantity under zero gravity a r e  discussed. 

None of the techniques presented appear to have sufficient promise to 

warrant further examination in this study. 

3. 3 .  I Gravitational Field Measurement 

One of the basic properties of al l  matter is the presence of gravi- 

tational attraction to other masses ,  The basic law governing the attraction 

between point source i s  

where 

G = gravitational constant 

Fi = attractive force between m and m2 
I 

r = distance between masses of mi and m2 

mi 3 mass  of accelerometer pendulum 

m2 = mass of propellant bodies 

Applying Newton's f i r s t  law:, 

where 

a = acceleration exerted on mi by m2. 

The acceleration sensed by an accelerometer placed near surface 

of a typical propellant tank, as  shown in Figure 3-  18, will vary from 10 
5 

to i0-' '  g which is partially within the range of existing high accuracy 

digital accelerometers. Ignoring for the moment the question of how to 

accurately measure these low accelerations, let us examine the potential of 

a propellant gauging system under zero gravity using perfect accelerometers. 
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Figure 3-  18. Propellarit Gauging by Gravitational Attraction 

Numerous problems becz.me immediately apparent: 

1)  Equation 3.3-2 i 5  only an approximation for  well 
behaved propellar: masses  such as  point sources, 
spheres,  etc. A;-;lreciable e r ro r s  will be experienced 
with bodies havirg long thin shapes such a s  slabs, etc. 

2 )  Theacce le rometers  w i l l n o t o n l y d e t e c t t h e m a s s  in  
the particular t a5 :  being gauged, but also a l l  the 
mass  in the othe:: ranks a s  well as  that of the vehicle 
itself. While i t  .--ay be possible to calibrate o r  cancel 
out the effect of the fixed vehicle weight, it does not 
appear possible t a  eliminate the "cross talk" between tanks. 

3 )  The field i s  basically an R' field, not a linear one. 
The measuremerz will thus be quite sensitive t o  
propellant p o s i t i ; ~  and simple averaging of opposing 
accelerometers cannot be used to cancel such effects. 

4 )  The accelerometers will detect small perturbations such as 
roll  and yaw ra tes  and consider them as changes in mass. 

3.3.  2 Electr ic  Field Interaction 

Three possible gauging lechniques were examined which utilized 

the interaction of the prope1lz.z: with an electrical field. Because of the 

conductivity of the fuel, the fiz st two techniques, capacitance and dielectro- 

phoresis,  were  eliminated. T're third technique utilized the conductivity, 

but was found to be highly s e ~ s i t i v e  to the location of the propellant. 



3 . 3 . 2 .  1 

The statement of work for this study specifically deleted capacitance- 

type systems f rom the study. However, in the interest  of completeness 

this smal l  section i s  included on capacitance systems reflecting dis- 

cussions which occurred prior to the study and during the brainstorming 

sessions. 

Capacitance systems have been used successfully for many years 

in measuring propellant quantities under normal gravity conditions. 

Basically, the measurement is  of the dielectrical strength between two 

conductors. As the propellant dielectric constant is  appreciably different 

f rom that of the pressurant gas the measured capacitance i s  directly 

related to the propellant mass.  A number of systems has been proposed 

utilizing this principle under zero gravity, including the use of numbers 

of multiple wires within the tankage and the use of shaped plate capacitors. 

The problem when using a capacitance system under zero-gravity condi- 

tions i s  that the measured capacity is a function not only of the dielectric 

constant of the propellant, but i s  actually a function of the propellant 

position relative to the plates and wires.' 

Figure 3-19 shdws a simple square tank with two plates located 

a t  opposite faces of the tank. It i s  apparent that the maximum capacitance 

will occur when the propellant i s  located as  a vertical slab (Figure 3 -  19b) 

and the minimum capacitance will occur when the propellant i s  a hori- 

zontal slab (Figure 3 - 1 9a). All other distributions will have capacitance 

values between these limits. If the average difference between these limits 

is calculated, it i s  found to be expressed by the following equation: 

where 

K = dielectric constant of propellant 

CM = measured capacitance Tank empty CM = C 
a 

Tank full CM = KCa 

C = capacitance of plates in gas a 

A = ambiguity e r r o r ,  percent of full tank 



CAPACITOR 
PLATE 

Figure 3 - 19.  Effect of Propellant Orientation 

A plot of this e r r o r  i s  shown in  Figure 3 -20 for  capacitances 

between Ca (empty tank) and KCa (full tank) for  a number of values of K. 

It can be seen that the ambiguity e r r o r ,  A ,  decreases a s  the dielectric 

constant K approaches unity, and actually becomes zero a t  K = 1. However, 

the accuracy of the gauging system itself diverges in the opposite direc-  

tion. At K = 1, the system cannot distinguish between propellant and 

pressurant  (assuming that K = 1 for  the pressurant) and the overall  

measurement accuracy becomes zero. Obviously, the overall system 

accuracy must be evaluated. 

The configuration presented above assumes that the electr ic  field 

i s  uniform between the plates. Other configurations were briefly 

examined to determine whether they could provide decreased sensitivity 

to propellant position. It soon became apparent that any other plate 

configuration would not provide a uniform field and only serve  to make 

the gauge more  sensitive to propellant position. With a non-uniform 

propellant, located in a high field strength, location would have a larger  

effect than the same propellant located in a low field strength area .  

In addition, i t  became apparent that for the case of conducting tank 

walls the field would not be uniform and propellant near the ends of the 

plate would have greater  effect than propellant between the plates. 



CA = PLATE CAPACITANCE 
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Figure 3-20. Variation of E r r o r  with Dielectric Constant 

Another type of capacitance 

sys t em util izes a ma t r ix  of wi res  

within the propellant tank, thus e s -  

sentially subdividing the tank into a 

la rge  number of individual cells.  

F igure  3-21 shows a typical tank 

present ly under development by 

Simmonds. If the propellant is 

randomly distributed throughout the 

tank, the net effect will be to cancel  

out the sensit ivity to propellant lo- 

cation. Unfortunately, under ze ro  o r  

low gravity the presence of the l a rge  

Figure  3- 2 1. Sirnmonds Grid number of wi res  will  per turb the pro- 

Capacitance Gauge pellant t o  be preferentially located 

close to the wire .  This i s  t rue  for  both wetting and nonwetting wires .  As 

the field s t rength i s  appreciably higher near  the wires  than in the space 

between the wires ,  the resulting measurement  will  be sensit ive to pro- 

pellant location. 
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3.3. 2. 2 Dielectrophoresis 

The technique of dielectrophoresis i s  not a gauging system in  the 

conventional sense of the t e rm ,  but rather a propellant orientation 

device which may be used a s  a gauging system. The process involves 

the motion of a dielectric under the influence of a non-uniform electric 

field. Motion of the dielectric fluid results f rom the field-induced 

pressure  which directs  the fluid toward the region of highest field strength. 

The actual force  exerted on the fluid i s  a function of the field strength 

and the dielectric constant of the liquid. The non-uniform field i s  created 

by shaping the electrodes a s  shown in Figure 3-22 thus forcing the fluid 

to flow to and remain in a specified location. Fo r  more  detail on the 

technique the reader i s  referred to Reference 3-14, 3-15, and 3- 16. 

With the propellant oriented, any of a large number of high gravity 

techniques can be used to measure the propellant volume. The simplest 

technique would appear to be to measure the change i n  voltage gradient 

along the plates caused by the dielectric propellant. While this technique 

seems feasible for  the oxidizer, the high conductivity of the fuel results in 

excessive power requirements. The system was therefore not studied further. 

3 . 3 . 3  Magnetic Field Interactions 

Three possible gauging techniques were examined which utilized 

magnetic fields. None of the approaches appeared promising. 

3 . 3 .  3.  1 Ferromagnetic Doping of the Propellants 

A smal l  concentration of ferromagnetic material  could be added a s  

a s  a colloid to the propellant, thus giving the propellant diamagnetic 

properties. The perturbation i n  an electromagnetic field induced by coils 

submerged within the tank (see Figure 3-23) would then be a measure of 

the quantity of a diamagnetic material, and hence of the propellant, Sim- 

ple analysis showed that this system has the same problems discussed 

for  the capacitance system in Section 3. 3. 2, namely, the measurement 

i s  sensitive to  the location of the propellant. As  the differences in  

diamagnetic constants of the propellant and the ullage gas would be large, 

the e r r o r s  were  correspondingly larger than for the capacitance system. 



Figure  3-  22. Typical Localized Dielectrophore s e s  Device 
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Figure  3- 23. Per turba t ion  in an Electromagnetic Field 
Induced by Submerged Coils 



3. 3 .3 ,  2 Magnetic Doping of the Propellants 

X smal l  amount of magnetic material could be dispersed as  a 

colloic i n  the propellant. The induced magnetic field could then be 

measzlred with magnetometers. The system i s  highly sensitive to 
2 

propellant position because of the variation of the field strength with R . 
3 . 3 . 3 .  3 Nuclear Magnetic Resonance 

'Lost atomic nuclei possess both angular momentum and a magnetic 

momezt and, therefore, precess  in the presence of a magnetic field a t  a 

predic-,able frequency 

P. = nuclear angular momentum 

H = external magnetic strength 
0 

I = magnetic moment 

f = frequency of precession I 
- 1  -_ 

- 

Such a precessing nucleus will interchange energy perpendicular to  

the pr imary field with a secondary magnetic field of different frequency. 

As a result ,  there will be a net power absorption f rom the secondary 

field which i s  proportional to the number of atoms in  the field. This 

effecrr 5a s  been used for  chemical analysis of t race  materials  and was 

proposed a s  a possible means of propellant gauging. 

-3reliminary examination showed that this technique would require 

huge rriagnets and large power consumptions. Field strengths on the 

order  of several  thousands of gauss jcm were required before the 

measrrrement could be made. The concept was dropped a s  impractical. 

3 .  3 . 4  Interaction with Neutron Beams 

The systems discussed in this section al l  utilize neutron beams to 

abrterr_%t - to measure  the quantity of propellant in the tank. All of these 



systems were eliminated from further consideration because of the high 

level of external radiation associated with the neutron beam. They are  

included only for completeness. 

3.  3 . 4 .  I (n, y )  Activation (Doped) 

This concept requires that the propellant be doped with an element 

that has a high (n, y )  reaction cross-section and then activated with a 

neutron source. The number of ensuing gammas that a re  counted by 

multiple detectors a r e  related to the quantity of propellant. This concept 

has the advantage that the propellant is only radioactive during the period 

of measurement, This is ensured by employing high (n, y)  cross-section 

elements with short half-lives. The neutron source can remain shielded 

except during the periods when measurements a re  desired. 

Difficulties with the system include the high energy gamma ray 

required if the gamma ray is not to be appreciably attenuated by the 

propellant, the weight and size of the shielded neutron source, and the 

external radiation level. 

3.  3 . 4 . 2  Pulse Analysis , 

The pulse analysis technique is based on the thermalization of the 

neutrons as they a re  transported through the propellant. For example, 

a monoenergetic pulse of neutrons will be slowed down to form a contin- 

uous spectrum, as shown in Figure 3-24. 
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WHERE Mi > Mp > Mg = MASS OF PROPELUNT 

Figure 3 -24. Monoenergetic Pulse of Neutrons Slowed Down 
to Form a Continuous Spectrum 



The quantity of propellant between the source and detector will 

thus be related to the shape of the detected spectrum; the more pro- 

pellant, the lower in energy will be the peak of the spectrum. The gauge 

could be calibrated to give a direct relation between the spectrum energy 

peak and the quantity of propellant between the source and detector. 

3. 3 . 4 .  3  Ionization Gauge - (Electroscope) 

The principle of this method i s  based upon the ionizing effect of 

neutrons a s  they pass through material.  A burst of neutrons impinging 

on the propellant causes ionization of a small quantity of propellant. The 

magnitude of the total ionization will depend upon the amount of propellant 

present in  the tanks. The ionization could be measured with a type of 

electroscope o r  by electric field measurement techniques. The technique 

will not work, however, because of the conductivity of the propellants. 

3 . 3 . 4 . 4  Tank Wall Activation 

The principle of this method i s  based on the propellant shielding 

the tank walls f rom neutrons emitted f rom a centrally located neutron 

source. Thus, the more  propellant in the tank, the more  attenuation 

between the source and the tank wall. The neutrons captured in the 

tank wall will produce a certain degree of activation (the tank wall 

material  may be doped with a high activation cross -section element). 

This activation can be detected by detectors placed around the outside of 

the tank wall. An average activation will yield an indication of the 

quantity of propellant in the tank (high activation, less  propellant present). 

A short  half-life activation element i s  desirable for short response times. 

A pulsed neutron source, a s  opposed to a continuous neutron source, 

would be better suited for  this application. This system i s  sensitive to 

propellant location. Propellant located near the source would be exposed, 

by the geometry, to higher concentrations of neutrons and thus attenuate 

the beam more  strongly. 



3.4 OTHER D I R E C T  MEASURING TECHNIQUES 

3.4. 1 Inertial Measuring Techniques 

A number of techniques for the direct measurement of the propel- 

lant mass  will be discussed in this section. The suggestions represent 

only a few of the more promising techniques discussed in various brain- 

storming sessions. 

Under the influence of known acceleration fields the measurement 

of the propellant mas s can be accomplished by direct weighing o r  force 

measurement and application of Newton's f i rs t  law. 

where 

F = measured force, lb f 

m =  mass ,  lbm 

= conversion factor, 32. 179 lbm/lbf f t l sec  
2 

g c 

All of the propellant must be accelerating uniformly a t  the input 

acceleration to make such a measurement. If, for example, a pocket 

of propellant i s  separated from the main propellant mass and therefore, 

i s  not accelerating i t  will not be measured. E r r o r s  can also be intro- 

duced by geysering o r  surface tension. - .  

From this it  is  apparent that to actually weigh the propellant, a 

high g field that i s  applied for a relatively long time period i s  required. 

In order  to measure the propellant mass  under low or zero gravity 

conditions, other technique s must be used. 



One technique which seemed to  hold some promise for gauging 

under zero o r  low gravity was the paddle wheel shown in Figure 3-25. 

The paddle wheel i s  made of a light mesh screen and rotates about the 

centerline of the tank a t  constant angular velocity, Initially the propel- 

lant in the tank i s  somewhat randomly located but a s  the paddle continues 

to rotate the propellant ultimately moves with the velocity of the paddle. 

The force required to rotate the propellant i s  largely a function of the 

frictional loss  a t  the wall. By superimposing a small amplitude sinu- 

soidal change in  velocity on the constant angular motion, i t  is  possible 

to cancel out the effects of the frictional loss.  The force required to 

impose the sinusoidal input on the propellant is primarily a function of 

the rotational moment of inertia of the propellant and hence, related to 

the propellant mass .  Further  analysis showed that the inertia was 

dependent on the radial distributionof the propellant which in turn was 

dependent on the viscosity and surface tension of the propellant, 

WIRE MESH PAD DL WHEEL 

\ 

. PROPELLANT 

Figure 3-2 5. Schematic of Paddlewheel Gauging System 
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Since it appeared quite difficult to predict the radial distribution, 

this concept was dropped. However, one interesting aspect of this system 

was that it induced roll  torques on the vehicle and thus if desired, could 

have served a s  an inertial wheel in an attitude control system. It was, 

of course, a high mass,  low velocity, inertial wheel rather than the 

more normal low mass,  high velocity devices presently used. 

3 .4 .  2 Titration Techniques 

The use of titration techniques to measure the quantity of pro- 

pellant has been previously proposed (Reference 3 -6) and briefly 

investigated during this study. The basic idea of this approach i s  s im-  

ple. If a know quantity of a t racer  is added to an  unknown quantity of 

propellant and thoroughly mixed, the concentration of the t racer  in the 

propellant will give a direct  measure of the propellant quantity, a s  

follows: 

weight of t racer  
weight propellant = concentration of tracer 

Proposed quantities to be used for titration included dyes, radio- 

isotopes, gas, and heat. This relationship i s  obviously truly independent 

of any external factors. The major difficulty, particularly under low o r  

zero  gravity, i s  attaining uniform mixing. Under high gravity conditions, 

convection currents  can be counted on to help with the miring under zero  

gravity. The difficulties of achieving uniform distribution of the 

titrating quantity eliminated this technique. 



3.5 ULLAGE VOLUME MEASURING SYSTEMS 

3 .  5. 1 Pressurant  Gas Balance Systems 

In this type of system, the mass of propellant remaining in the 

propellant tank i s  determined by performing a material balance on the 

pressurant gas. The pressurant gas mass  remaining in the pressurant 

tank i s  calculated f rom the gas density and tank volume. The pressurant 

gas mass  in the propellant tanks i s  then calculated by the difference 

between the initial mass  and present mass in the pressurant tank. The 

gas mass  in the propellant tank i s  combined with the gas density in  the 

propellant tank to give the ullage volume. By difference, the propellant 

volume i s  determined. This volume i s  converted into a propellant 

mass  through the propellant density, which i s  determined from propel- 

lant temperature measurement. The equation relating the propellant 

mass  to the measured quantities is  shown below: 

where 

Mp = mass of propellant 

Pg 
= density of gas i n  pressurant tank 

p * g  
= density of pres surant gas in propellant tank 

P = density of propellant 

V = volume of pressurant tank 
g 

V = volume of ullage u 

sub o = initial conditions 

To maintain an accuracy of iO. 25% of full scale near tank-empty 

conditions, the e r r o r  in measurement of the tank volumes, the initial and 

final propellant and pres  surant densities, and the loaded propellant mass  

must be less  than a0. iOjo of full scale for  each parameter, If the gas 

densities a r e  determined f rom pressure and temperature measurements 

the problem is  increased. 



Three system concepts a r e  presented. The f i rs t  and simplest (PVT) 

obtains the gas densities f rom pressure and temperature measurements. 

The second concept ( p V )  measures the pressurant tank gas density directly. 

The third concept (RHO) measures the change in pressurant density in the 

propellant tank. 

3. 5. 1. 1 PVT Propellant Quantity Gauging System 

This system is  currently being utilized on the Gemini and Apollo 

spacecraft where it measures the propellant quantity in the RCS. A 

schematic of the system is  shown in Figure 3-26. This system deter-  

mines pressurant gas density by sensing the initial temperature and 

pressure in the helium gas storage container. These values correspond 

to the baseline full propellant tank condition. The reduction of this 

pressure (corrected for temperature) a s  the propellants a re  consumed 

i s  the technique used for determining the residual propellants at  any 

given time. The pressurant temperature and pressure  data a r e  sent 

to the signal processing data computer which, through the use of the 

spacecraft telemetry system, relays this information to a ground-based 

computer. Additional data transmitted to the ground to correct  for  

initial and varying propellant tank conditions a r e  initial propellant level 

(determined by a propellant tank-mounted capacitance probe), propellant 
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Figure 3-26. PVT Propellant Gauging Sys tern Schematic 



tank ullage gas temperature and pressure (needed to determine ullage 

gas density), and propellant density. With this information, the ground 

based computer i s  able to compute the total amount of propellant 

remaining in the propellant tanks fed by each pressure reservoir .  When 

more than one propellant tank i s  fed by a single pressure reservoir  

this system cannot indicate the proportion of propellant between the 

tanks. 

The system i s  lightweight, simple, and does not require much 

power. Its primary disadvantages a r e  poor overall accuracy, sensitivity 

to overboard venting and pressurant leakage, and the requirement for  

individual pres  surant bottles for each tank if  individual propellant tank 

quantities a r e  desired. 

3. 5.1. 2 Density-Volume Propellant Gauging Concept 

The density-volume (pV)  propellant gauging concept i s  similar to 

the PVT concept, except that the gas density in the pressurant tank i s  

measured directly, rather than indirectly, through temperature and 

pressure measurements. This, coupled with a highly precise means of 

density measurement, greatly improves the accuracy of the PVT sys tern. 

A radioisotope beta-emitter i s  used in the pV gauge to determine 

the quantity of pressurant gas expelled into the propellant tank ullage 

volume. Experiments a t  TRW Systems have demonstrated the pressure 

dependence of the count rate from beta radiation transmitted through the 

gas from a fixed, solid beta source. The data reveal that, a s  the helium 

pressurant pressure  decreases from 3000 to 150 psia, the count rate 

increases by a factor of about 2000 for  a 1-mC thallium-204 source and a 

3 -inch source/ detector separation distance. Thus, small  changes in 

pressurant tank pressure  will cause relatively large changes in the 

count rate and a system with high accuracy can be obtained. 

As the beta attenuation i s  proportional to the number of atoms per 

unit volume, density rather than pressure is  being measured, and no 

temperature correction is required. This density (or  density ratio) can 

be used directly in the helium balance (Equation 3. 5-1) for the calculation 

of propellant mass. 



The highly accurate pressurant  tank density measurement elimi- 

nates this as  a source of e r ro r .  The remaining large e r r o r  source is 

the actual density of the helium in the propellant tank; Fo r  propellants 

with a low vapor pressure  o r  for tanks containing low impermeable 

bladders this e r r o r  source i s  small. However, for  the high vapor 

p r e s s u r e N  0 apprec iab leer ror  canoccur  becauseof the partial 
2 4' 

pressure  of the propellant vapor. 

3.5.1. 3 RHO Gauge 

The single largest  e r r o r  source remaining in the pV system was 

the uncertainity in the helium density in the propellant tank, therefore, 

techniques for determining the ullage helium density were  inve sti- 

gated. The ullage gas bulk density may be accurately determined 

by the beta ray  attenuation technique used in the pressurant tank. 

Basically, for the oxidizer tank 

qp = 1 - exp - [ p P  ( P H ~  + pN204) 51 

After consideration of a number of techniques, it was found that 

attenuation of soft X-rays (2-20 Kev) was highly dependent on the 

concentration of heavy atoms and almost transparent to helium as  shown 

below 

where 

1 = attenuation 

p = mass attenuation coefficient 

p  = density 

t = effective beam length 

'Y N~ o4 
A = 2 62 (proportional to fifth power of atomic number) 

pY He 



sub (3 = pertaining to beta ray attenuation 

y = pertaining to X-ray attenuation 

Thus, given the measurement of the average density by the beta 

attenuation and the N 0 concentration from the X-ray attenuation, the 
2 4 

t rue helium density in the ullage tank can be determined, 

In addition to improving the accuracy potential of the pV sys tern, 

this technique lends itself to serving as  a separate gauging system in 

conjunction with a high gravity gauge. Assume that each individual 

propellant tank is isolated from the pressurant tank during the coast 

period. Provided there i s  no leakage, the quantity of helium and the 

volume occupied by the helium remains constant. Despite changes i n  

vapor pressure and temperature in the tank, the average helium density 

remains constant. Any decrease in helium density will be a result 

of leakage of either helium o r  propellant. Thus, knowing the quantity 

of propellant at  the termination of engine firing from a high gravity 

gauge, a limit can be placed on the quantity i f  any, of propellant leakage 
. , 

out of the tank. 

The RHO gauge system is  further discussed in Section 4 . 2 . 1 .  

Among the major shortcomings of the system a r e  the inability to dis - 
tinguish between a pressurant and propellant leak, and sensitivity to 

stratification in the propellant tank. The RHO gauge when used by 

itself in the propellant tank cannot provide an independent determination 

of the propellant quantity. However, in conjunction with a high-gravity 

gauging system it provides a zero-gravity gauging capability. It can also 

improve the overall accuracy of the pV system when separate pressurant  

tanks a r e  used for  each propellant. 

3. 5.2 Tracer  Gas Dilution Systems 

The basic concept of a t racer  gas dilution gauging system depends 

on relating the concentration of a t racer  gas in the ullage volume of a 

propellant tank to the quantity of propellant in the tank. The principle 

of operation is  a s  follows. When the tank is  full of propellant, a small  

quantity of t racer  gas i s  injected into the ullage space. As the propellant 



i s  consumet f rom the tank, the ullage volume increases,  therefore the 

volume concentration of the t racer  i s  decreased. This dilution effect 

within the ~ ~ s s s u r i z a t i o n  gas i s  continuously measured. The measured 

t racer  concextration is  related to the propellant remaining by means of 

a simple algsbraic equation. To ensure homogeneity, the gases can be 

mixed by a g a s  circulation unit. 

A nur-2er of basic measurement approaches can be applied to the 

t racer  dilutrc,n technique. In one configuration of the system a radio- 

active t race  gas can be used in conjunction with nuclear measurement 

techniques. In another configuration, an inert t race gas can be used 

with in f ra rec  o r  other measurement techniques. The radiotracer 

technique pc E sesses  advantages over infrared techniques in the degree 

of accuracy 5 a t  may be obtained, primarily because of the digital 

counting tec5nique. This type of system has demonstrated quite sa t is -  

factory perfzrmance in tanks containing nonporous bladders. In tanks 

without bla&<ers, Section 4 . 3  shows that the majority of the t racer  will 

be dissolve< in  the propellant, resulting in  appreciable e r r o r s  in the 

measuremect.  _, 



4. PRELIMINARY ANALYSIS O F  GAUGING SYSTEMS 

This section of the r epor t  contains detailed analysis of the more  

promising sys tems reviewed in Section 3. These include the infrasonic, 

helium balance, attenuation, and gas t r a c e r  systems.  As a resul t  of 

these analyses,  two sys tems - the Re sonant Infrasonic Gauging Sys tem (RIGS) 

and the RHO Gauging System have proven the most  promising for gauging 

under the zero-  gravity environment. 

4 . 1  INFRASONIC SYSTEMS 

The analyses of two types of Infrasonic Systems-the phase- sensitive 

infrasonic gauge and the resonant infrasonic gauge-are presented in 

Sections 4. I .  I and 4. I .  2. An e r r o r  analysis and discussion of the RIGS 

problem a r e a s  i s  presented in Section 4. I. 3. 

4. I. I Phase  Sensitive Infrasonic System 

A prel iminary evaluation has been made of the feasibility of a z e r o  g 

propellant gauging sys tem that measures  the compressibili ty of the p res -  

surizing gas to  determine the volume of storable propellant. This is 

achieved indirectly b; measuring the phase shift between the dynamic gas 

p r e s s u r e  in  the propellant tank and that of a smal l  isolated cavity dr iven 

by a constant velocity, low frequency acoustic dr iver .  

The sys tem i s  s imi la r  to  one developed by Acoustica Associates 

(Reference 3-2). The Acoustica System ran  into the problem of liquid 

ent ry  into the resis tance separating the main tank and the d r ive r  cavity 

which caused the sys tem to  malfunction under ze ro  g (Reference 3 - 3 ) .  

The proposed solution util izes a flexible rubber diaphragm to isolate  the 

res is tance  and d r ive r  cavity regions f r o m  the main tank (Figure 4- 1) thus 

avoiding this problem. A detailed analysis of the gauging technique 

i s  found in Appendix B. 

4. I. I. 1 

The proposed Phase-Sensitive Infrasonic System i s  i l lustrated 

schematically in Figure  4- i .  It consists of a low-frequency constant- 

velocity d r ive r  which s e t s  up a sinusoidal p ressu re  perturbation in the 

d i rec t ly  coupled d r ive r  cavityRegion No. 1. A resis tance R separa tes  



CONSTANT 
VELOCITY 

DRIVER 

Figure 4 - 1. Schematic of Infrasonic Propellant Gauge 



Regions No. 1 and No. 2 and provides the resis t ive component needed to 

produce a measurable phase shift between the p ressu re  in the d r ive r  cavity, 

P and the ullage volume, 
1 P3. The volume in the d r ive r  cavities i s  selected 

to be smal l  relative to the gas volume in the main tank. The p ressu re  

perturbation and corresponding phase shift between P and P follows, 
3 1 

a s  a f i r s t  approximation, a f i r s t  order  lag whose time constant i s  RC3, 

where C3 = (v y ) is the capacitance of the ullage volume in the main 
3 3 3  

tank undergoing measurement .  Thus by measuring the phase shift, the 

effective capacitance, C of the ullage volume can be determined. Since 
3 

Cg i s  sensitive both to y (the effective specific heat rat io  in  the void 3 
volume of the propellant tank) and Y3 (the steady state pressure) ,  these  

two propert ies  must  be measured  to ensure  proper  compensation when 

they vary  f r o m  some nominal level. The specific heat ra t io  can be de- 

termined by either:  i )  an acoustic velocity measurement  in  the gas vapor 

of the propellant tank o r  2) a temperature measurement ,  a s  the specific 

heat ra t io  of the two-component pressurizat ion gas/propellant vapor is 

related to the temperature of the mixture,  for  slowly varying (quasi- steady 

state)  conditions. The p r e s s u r e  (F ) can be direct ly measured  by a 
3 

suitable t ransducer .  Thus, measurement  of phase shift between P3 and 

P permi ts  the deterrilination of gas volume, and indirectly the propellant 
1 

volume, in the main tank. Refinements in  the sys tem consist  of an e las t ic  

device (denoted by a spring constant lc ) separating Regions No. 2 and No. 3.  2 
Physically,  this i s  a rubber  diaphragm (compatible with the propellants) 

that allows u s  to obtain a desirably smal l  spring constant (k2= 0). This  

i s  needed to make the measured  phase shift sensitive to the ullage volume, 

Vg , without interference f r o m  k2, because the mechanical spring and the 

equivalent gas spring (V ) work in se r i e s .  The m a s s  m 2  and the working 
3 

a r e a  of the diaphragm (AZ) a r e  a lso  adjusted to make the PI /P2 phase 

shift  m o r e  sensitive to Vg. This i s  especially important a s  the remaining 

propellant approaches z e r o  and the sys tem takes on second-order charac-  

t e r i s t i c s  which give l a r g e r  phase shifts than the basic  f i r s t -order  system. 

Nomenclature - Section 4. I .  1 

Bulk modulus 

P r e s s u r e  

V o lume 

Fluid capacitance 

4- 3 



Subscripts  

Voluinetric flowrate 

Ratio of stored to dissipated 
energy 

Specific heat ra t io  

Area  

Displacement 

Velocity 

Nominal value of x 

Gas flow res is tance  

Mass  

Spring r a t e  

k /A2 

m /A2 

Related to Volume No. 1 

Related to Volume No. 2 

Related to  Volume No. 3 
- 1  ,. 

4. r, 1. 2 P a r a m e t r i c  Studies . 

The derivation of the t ransfer  function relating the p res su re  (P I ) in 

the d r ive r  cavity to  the p res su re  response in the ullage cavity (P 3 ) is 

f o ~ ~ 3  in Appendix B, Equation B-38: 

wt;.re the symbols a r e  a s  defined in Appendix B. 

The solution to this equation was implemented on the G.  E. t ime 

shz:ing computer utilizing an available frequency response program.  This  

w25 done to determine suitable design pa ramete r s  required to obtain a 

f ez  sible system. 



Selection of Paramete rs  

The results of these solutions for various combinations of para-  

meters  a r e  plotted in Figures 4 - 2  through 4-6. The input parameters 

which were varied were, frequency, diaphragm mass ,  resistance, and 

driving cavity volume. The phase shifts were calculated for an ullage 
3 volume variation of 0. 3 to 12 f t  . A flexible diaphragm with negligible 

spring rate (k - 0) was assumed to separate the driver and ullage cavities. 2 
On the basis  of the analysis, the following combination of input parameters 

appears best. 

Driver Volume (VZ) = 5. 2 in 3 

Diaphragm Mass - - 2 0. I lb for a 1 in driver a rea  

Driver Frequency - - 2 cps 

Resistance - - 2.  93 x lb-seclin 5 

The effects of varying the diaphragm mass ,  W2 , a r e  shown in 

Figure 4-7. Liquid impinging on the driver diaphragm can cause a change 

in the effective mass  and result  in e r ro r s .  The diaphragm mass  of 0. 1 lb 
2 

for a 1 in a r ea  i s  quite sensitive to the addition of mass  to the diaphragm 

while st i l l  providing good phase sensitivity to volume change. In order to 

insure that a change in volume can be distinguished f rom liquid impinging 

on the diaphragm, this mass  was selected. 

The sensitivity of the resulting phase shift measurement to shifts 

in y due to the mixture of propellant vapor with the pressurization 
3' 

helium gas, i s  given in Figure 4-8. 

Sizing Driving Cavity Volume (V,  ) 

Figure 4- 9 presents the requirements for the volumetric displace- 

ment per unit time of the driver,  a s  a function of the driving cavity 

volume, assuming a measurable perturbation of 0. 005 psia in P for the 3 
corresponding leas t  sensitive situation; i. e., the empty tank. It  can be 

3 
seen f rom Figure 4- 10 that for  V 5 0.03 ft , the ratio of Q3/Q1 i s  unity 

I 
when the tank i s  full (the full tank). 



v3 . F T ~  

Figure 4 -2 .  Phase Shift vs .  Volume and Frequency 

V3 , F T ~  

Figure 4-3 .  Phase Shift vs . Volume and Frequency 



v3, FT' 

Figure 4-4. Phzee Shift vs. Volume and Frequency 

V3 , F T ~  

Figure 4-5. l h a s e  Shift vs.  Volume and Frequency 

4 - 7 



Figure  4-6. Phase  Shift v s .  Volume for .Different Masses  

W ~ A ;  , L B / I N ~  

Figure  4-7. Effect  of Diaphragm Mass  on Phase  Shift 



V3 , F T ~  

Figure 4-8. Effect of Y on Phase Shift 
=.  _, 

Figure 4-9. Effect of Gas Volume on Driver Displacement 



'lD3 MIN ('BMIN 
= 0.3 F?) 

Figure 4- 10. Amplitude Ratio vs.  Gas Volume 

Sizing Driver and Flexible Diaphragm Displacement Volumes 
- - 

For  phase resolution, a minimum P of about 0. 005 psi has  to be 
3 

sensed. Suitable substitution for a sinusoidal driving function and 

algebraic reduction of Equation B-47 leads to 

where 

Fo r  

3 V3 = 12 f t  (worst case)  



Pg = 250 psia  

f = 2 cps 

we get  

f '  
i; 

and thus ,  

--Q = - 25. 6 Cl + 625.7 fo r  C1<< 49.8 

,-' 

t which l e a d s  t o  

i 2  

For Pg = 0. 005 psia ,  
F"" 

fo r  C1 << 1 



3 
Q, = ,/- = 3.12 in l s e c  

for  

f = 2 cps 

where 

x1 = maximum amplitude of acoustic driver 

FGT the design parameters selected, the rat io of Q3/Ql = 1, as 

previously, was used. Thus, 

The proposed scheme can be achieved with the following system 

design parameters (see Figure 4-1): 

Driver frequency = 2 cps 



v2 

0.3 5 V3 5 12 ft  3 

= 0 , l V  3 minimum 

Resistance, R = 0. 00293 lb-sec/in 5 

Y = 1.67 

P = 250 psia 

= 0. 25 in 3 
*1 X1 max 

4. 1. 1. 3 Conclusions -. * 

Preliminary evaluation of the Phase Sensitive Infrasonic System 

indicates that i t  i s  potentially feasible under the assumptions made in the 

analysis. A system resulting in components of feasible size can be 

designed. However, the system has a number of major problems. The 

variation in the specific heat ratio, y, could cause appreciable e r r o r s  

under transient conditions (see  Section 4. 1. 3. 1). The system i s  sensitive 

t o  liquid which may contact the separating diaphragm, and render it 

inoperative. The acoustical resistance varies over a f4 percent range 

a s  the temperature varies. Finally, the phase lock is sensitive to  

nonlinearities and harmonics in the system. In order to  minimize the 

effect of the latter two i tems,  the Resonant Infrasonic Gauging System 

(RIGS) was investigated (see Section 4. 1. 2). 

4. 1, 2 Resonant Infrasonic Gauging System 

This section covers the preliminary feasibility evaluation of a, 

zero-g propellant gauging system that utilizes infrasonic measurement 

of the propellant pressurizing gas compressibility to  determine the 



volumes of s tored propellants.  This can be achieved indirectly by 

determining the anti-  resonant  sys tem frequency. The anti- resonant 

frequency can be found by means of ei ther  minimum amplitude o r  90-degree 

phase shift measurements  of the dynamic gas pses s u r e  in a smal l  cavity 

attached to, but isolated f r o m  the main propellant tank. No measurements  

a r e  required in the propellant tank. The small  cavity i s  dr iven by a fixed 

displacement-variable frequency dr iver ,  

P re l imina ry  evaluation of the proposed RIGS indicates that it i s  

physically feasible to  u s e  this technique for  propellant measurement  

under the requirements  of zero-g  operation. A comparison of this sys tem 

with other infrasonic sys tems  can be found in  Section 5. 

The proposed scheme can  be achieved with the following sys tem 

design pa ramete r s  ( see  F igure  4- I I): 

Dr ive r  frequency = 1 to 10 cps 

v1 = 0.01 v 
2 minimum 

0.3 V2 5 12 f t  
3 

Resistance,  R Z J '  5 9 x 1 0 ' ~  lb - sec l in  5 

- 
P2 = 250 psi 

Nomenclature - Section 4. 1 . 2  

Symbol Description 

P r e s s u r e  

Volume 

Fluid capacitance 

Volumetric flowrate 

Figure of m e r i t  for  tuned 
resonant  sys tems 

Unit 

ps i  

dimensionless 



Svmbol 

Specific heat ratio 

Area 

Displacement 

Velocity 

Gas flow resistance 

Mass 

m / ~ ~  

Spring ra te  

K / A ~  

Weight 

Laplac e notation 

Angular velocity 

Frequency 

Density 

Gravitational constant 

Acoustic velocity 

M W  Molecular weight 

T Absolute temperature 

Subscripts 

Unit 
P 

dimensionless 

in 2 

in. 

in/ sec  

2 lb-sec / in  
2 5 lb-sec / in  

lb 
- 1 

sec  

radian/ sec 

cycles/ sec 

lb/ in 3 

in/ sec  2 

in/ sec  

0 - low frequency anti- resonant condition 

1 - related to Volume No. 1 

2 - related to Volume No. 2 

3 - high frequency resonant condition or Volume No. 3 

Superscripts 

- 
x - nominal quasi- steady- state value of x 

' - due to acoustic radiation 

- due to linear damping 

4. I. 2 .  I Description of RIGS System 

The RIGS system studied i s  shown schematically in Figure 4- 11. It 

consists of a fixed amplitude-variable frequency driver,  e. g.,  servo- 

electr ic  motor-driven, sinusoidal cam- actuated piston which sets up a 

pressure  perturbation in the directly coupled driver cavity Region No. 1. 



CONSTANT AMPLITUDE / 
VARIABLE FREQUENCY DRIVER 

Figure 4 -1 1. Schematic of RIGS 



The driver cavity i s  physically isolated f rom the gas volume in the main 

tank (to be measured) by a very low compliance elastomer diaphragmwhich 

is  compatible with the propellants. The volume of the driver cavity i s  

also very  small  relative to the main tank ullage gas  volume, Region No. 2. 

The diaphragm i s  weighted with a mass  (m2) which i s  selected so a s  to 

tune the corresponding spring (ullage compressibility)/mass system to a 

relatively low anti-resonant frequency over the entire operating regime, 

compared to the resonant frequency of the spring (driver volume 1 com- 

pressibi l i ty)/mass system. A s  the propellant i s  used up, the upper 

resonant frequency will remain relatively constant a s  the equivalent gas 

spring in the driver cavity predominates due to the relatively large volume 

ratio of V2 to V l .  However, the low anti-resonant frequency decreases 

a s  the propellant i s  consumed and i s  essentially proportional to 

giving a measure of the gas volume and in turn, the propellant volume in 

the main tank. This anti-resonant frequency can be detected by means of 

suitable closed loop frequency tracking in either of two ways: 

a. Minimum arriplitude sensing technique - system 
designed to continually adjust the frequency a s  needed, 
so that a t  the anti-resonant point, i t  locks onto the 
corresponding minimum pressure  amplitude in . L - -  

Region No. 1. 

b. Ninety-degree phase shift sensing technique -a t  the 
anti-resonant point, the pressure  in Region No. 1 
will lead the fixed displacement of the driver by 
90-degrees since this i s  characteristic of the second 
order  springlmass (finite amount of damping) system 
that is involved, independent of the amount of damping. 
Thus, to sense the anti -resonant frequency, the 
driver frequency i s  continuously tuned so a s  to lock 
onto the corresponding 90-degree phase shift between 
P and x 

1 1' 

Since the anti-resonant frequency i s  sensitive to y 2 (the effective 

specific heat ratio in the void volume of the propellant rank) and F2 (the 
average tank pressure) ,  these two properties must be measured to ensure 

proper compensation when they vary from some nominal level. The 

specific heat ratio can be determined by either (a) an acoustic velocity 

measurement in the g a ~ / ~ r o p e l l a n t  vapor phase of the propellant tank, or 

(b) a temperature measurement of the quasi-equilibrium gas /propellant 

vapor mixture. This topic i s  discussed in Section 4. I .  i. 3.  The steady- 

state pressure (F2) can be directly measured by a suitable transducer. 



A n  elastomer flexible diaphragm i s  employed which has a negligible 

spring constant. Suitable quasi- steady- state pressure balancing across  

this diaphragm i s  achieved with a low pass band isolation bellows and 

snubber between the main tank. 

4. I .  2 . 2  Parametr ic  Studies 

The derivation of the mathematical model of the RIGS system i s  

presented in Section 2 of Appendix B. In this section the effect of the 

various design parameters will be determined and selection of typical 

parameters suitable for an actual system will be made. 

Damping and Frequency Response 

In order to evaluate a reasonable magnitude for the built-in damping 

(RZFt), i t  was assumed that at the anti -resonant frequency, the equivalent 

Q (a figure of mer i t  used for tuned resonant circuits which measures 
0 

the ratio of stored to dissipated energy per cycle and in turn  i s  a measure 

of the tuned circuit bandwidth or  tuning sharpness) should be a t  leas t  25. 

By analogy to  electrical circuits we get 

where 

R2  = R Z f  + RZtt  (as  defined before) 

= Z d  (f = anti -resonant tuned low frequency) 
0 0 0 

In general, R i  << R i t  thus neglecting Ri 



where 

2  his reduces to essentially the following expression for Q o >>I-, 

- 
Substituting the value of C2 = V2/(y 2 i? 2 ) into Equation (4. 1-4) 

and solving for V2 we get 

This expression i s  plotted in Figure 4-12 for the system design 
3 parameters  selected, over the working range of VZ (0. 3 to 12 f t  ) that 

i s  t o  be measured. Since the desired Qo varies proportionally with 

frequency (see Equation 4. 1 - I) ,  we must size R 2. " for the minimum 

anti-resonant frequency corresponding to a maximum V, = 12 f t  3 

(fo = 1.41 cps f rom Figure 4-11) and for  a w 2 / ~ 2 2  = 0. I lb/in4, thus 

f rom Equation (4. 1-2). If we use this value of RZt ' ,  the corresponding 

value of Q will vary f rom 158 with the initial propellant loading 

correspondingto a V 3 = 0. 3 f t 3  ( f o =  8.85 cps)  to a Q o of 25 correspond- 
3 

ing t o a  V3 = 12 f t  ( f  = 1.41 cps). 



PROPELLANT TANK VOID VOLUME . F T ~ ( v ~ )  

Figure 4- 12. System Anti-Resonant Frequency Versus Volume 

At the low frequencies involved, the a s  sumption of one continuous 

void volume in the propellant tank i s  not needed. Accurate answers can 

be still obt ained,< as  has been shown previously in Section 3 .  1.1.4 

for a void volume consisting of several bubbles, a s  the effect of the 

intervening liquid impedance will be negligible compared to that of the 

gas /vapor volume compressibility. 

At the high frequency resonant condition, the corresponding 

resonant frequency will be given by: 

where 



Since w > w O, then C 12 , > Qo > 1 and Equation 4. 1-6 simplifies to 
4 

In general, C 2 >> C. 1 over the entire working range 

(V, = 0.01 VZ minim-;m ), thus Equation 4. 1-8 i s  essential - 
independent of C 2  a s  ir reduces t o  

which for the selected design parameters i s  

1 
f 3  - - 

0. 1 0. 003 x 1728 = 88.5 cps .. <, - 
386 1.6667 x 250 

It should be note3 that this i s  an order of magnitude larger  than 

maximum value of the m t i  -resonant frequency f = 8. 85 cps, cor re -  
3 

0 

sponding to the minim-zrn value of V - 0. 3 f t  and thus will not distort 3 - 
the anti-resonant charzcterist ics at  f 0' As V 3 increases,  the difference 

between f o and f 3 becc-mes even greater. 

Computer Studies 

An evaluation o rhe transfer  function P /xl (Equation B- 65) to 

determine the amplit-:5e and phase shift was implemented on the G E  

On -Line Time - S h a r e  Digital Computer utilizing the frequency response 

program previously 25scussed in Section 4. 1. I. 

4 
The weight /are  iZ. ratio ( W 2 / ~ 2 2  = 0. 1 lb / in  ) was selected 

to keep the anti-reso-mt frequency determined from Equation 4.1- 4 



in the range of 1 to  10 cps, a s  the void volume V2 varied over a range 

of 0. 3 to 12 i r  ?. The volume of the driver cavity (Q1 = 0. 003 ft3) was 

selected to mzl:e the corresponding spring /mass  resonant frequency 

approximately zn order of magnitude above the highest anti -resonant 

frequency. T E s  i s  done in order to avoid any interaction effects which 

could cause a Escr iminat ion problem (in either amplitude or  phase 

shift measurezzents) between the anti-resonant low frequency that i s  to 

be measured,  znd the additional resonant high frequency which is a 

characterist ic  of this system and i s  predominated by V 
1' 

Sensitivity Studies 

The effezt of increasing the void volume in the propellant tank on 

the frequency response of the amplitude ratio I P /xll was evaluated for 

values of V ci 0. 3,  0. 8, 2, 4, and 1 2  ft3, over a frequency range of - 
2 

1 to  100 cps. The corresponding results a r e  presented in Figure 4-13. 

The effect of tie acoustic radiation t e rm  R 2 ' is seen to be negligible 

a t  the low freqilencies involved and a s  a result,  the indicated anti- 

resonant frequency is  in agreement with the calculated result presented 

In Figure 4- 12, 
I 

, . 

FREQUENCY, CPS 

Figure 4- 13. RIGS System Response a s  a Function of Volume 



DRIVER FREQUENCY, CPS 

Figure 4-14. Effect of Resistance on Phase Angle, V = 0 .3  f t  
3 

Figure 4-1 5.  Effect of Resistance on Phase Angle, V = 2 ft 
3 

02 

DRIVER FREQUENCY , CPS 

Figure 4-16. Effect of Resistance on Phase Angle, V = 12 f t  
3 



Introduction of additional linear damping, e. g. , a dashpot between 

the diaphragm and the supporting walls, of an amount which still main- 
4 tains a sufficiently high Q ( R i l  5 9 x 1 o e 5  lb -sec /in ) will have no 

effect on this anti-resonant frequency and very little on the balance of 

the frequency response. The corresponding phase shift characterist ics 

will stil l  show a 90 degree phase shift between P and x at  this anti- 
1 1 

resonant frequency, for the basically second -order dynamic system. 

The latter fact i s  demonstrated by the results presented in 

Figures 4-14 through 4-16, which were obtained for values of 

V2 of 0. 3, 2 and 12 ft3 with various amounts of linear damping ranging 

from R of zero to 4 x lb-sec/in5. It i s  also seen that the phase 
2 

shift /frequency characterist ics a r e  relatively linear and sufficiently 

sensitive over the range of interest to make accurate tracking of the 

9 0  degree phase shift frequency feasible. Thus, this phase-shift 

technique can also be used to establish the anti-resonant condition. 

4. 1, 3 Preliminary E r r  or Analysis of the RIGS System 

4. 1. 3. 1 Variation in  Specific Heat Ratio 

The principal e r r o r  source for the RIGS discussed in this section 

i s  the uncertainty in y , the ratio of specific heat. It will be noted 

that both of the infrasonic systems actually measure the gas compliance, 

C, which i s  equal to  the gas volume divided by the product of y and 

the static pressure.  Thus a given e r r o r  in y will cause an equivalent 

e r r  or in the gas volume and hence in the liquid quantity, 

For  a pure gas such a s  helium, the specific heat ratio i s  constant 

over a wide range of temperatures and pressures.  Unfortunately the 

gas contained in the ullage space above the propellant i s  not a pure 

gas, but a mixture of gas and propellant vapor. The propellant vapor 

concentration is  dependent upon the equilibrium vapor pressure  (and 

thus propellant temperature) a s  shown in Figure 3 -3, a s  well a s  

departures f rom equilibrium. At equilibrium, the propellant vapor 

concentration (and thus y )  i s  defined by the propellant temperature, 

To understand why there i s  a departure from equilibrium, let  u s  

consider the following case. A propellant tank 95 percent full has beerl. 

in space for a sufficient period of time that the ullage space i s  saturated 



with propellant vapor. It is desired to f i r e  the engine, and thus empty 

the tanks so  that only 20 percent of the ~ r o p e l l a n t  remains.  As the 

propellant i s  depleted, pure  helium i s  used to ~ r e s s u r i z e  the propellant. 

A saturated vapor layer  f o r m s  on top of the propellant and slowly mixes  

with the  incoming helium. As the mixing is relatively slow, a stratified 

condition exis t s  immediately before the end of the engine f i r ing with the 

vapor pr imar i ly  i n  a layer  immediately on top of the propellant, and the 

remainder  of the tank is filled pr imar i ly  with helium. As the  propellant 

slowly reor ien ts  i tself ,  the propellant vapor diffuses throughout the 

ullage space until, finally, the ullage gas i s  saturated with propellant 

vapor. If the mixing during this  period i s  solely by diffusion without 

convection, t he  p rocess  has  a t ime constant of about 20 minutes ,  and the 

specific heat r a t io  a s s u m e s  the shape shown i n  Figure 4-17. Actually, 

t h i s  is a somewhat pess imis t ic  assumption as the energy imparted by 

acce lera t ion  during f i r ing  will be slowly dissipated by local convection 

c u r r e n t s  with appreciable  improvement in  the mixing process .  In 

addition, no mixing i s  assumed during f i r ing when the helium actually 

en te r s  the propellant taGk a t  relatively high velocity which tends t o  

inc rease  the mixing. . However, the diffusion-limited c a s e  r epres'ents an 

upper limit to  this  e r r o r  source  and was used i n  the absence of actual  

data. 

4. 1. 3. 2 E r r o r  Analysis 

Table 4-1 shows a typical e r r o r  analysis  for the RIGS system. 

The electronic  volume and density e r r o r s  were  obtained by comparison 

with s imi lar  s y s t e m s  such a s  the Apollo SPS P U G S  sys tem (Reference 4- I). 

The p r i m a r y  a s  sumption made was  that  a t  equilibrium, the variation in  

the propellant vapor p r e s s u r e  f r o m  equilibrium would be l e s s  than 1 psi,  

In F igure  4-1 8, the e r r o r  caused by the Y variation for the diffusion- 

l imited c a s e  is shown a s  a function of t ime. This curve r ep resen t s  

a "worst  case" situation. The two curves  shown represent  two different 

possible schemes  for  measurement  of the  specific heat ra t io ,  y . 
In one scheme,  the y i s  calculated by measuring the propellant t e m -  

pe ra tu re  and assuming saturation; i n  the  second case,  the =y is calculated 

by measuremen t  of a local  gas  property,  such a s  acoustic velocity, 

nea r  the top of the  tank. 



TIME, MINUTES 

F i g u r e  4- 17. Var ia t ion  of Y With F i r i n g  T i m e  

F i g u r e  4- i 3, Effect of F i r i ng  o n  Y Correc t ion  



Table 4-1, RIGS Er ro r  Analysis Estimate 

DEAD BAND OF PHASE NETWORK * 0.2% 

SETTING OF FULL REFERENCE * 0.2% 

SETTING OF EMPN REFERENCE k 0.1% 

ACCURACY OF VOLTAGE TO OUTPUT POT, k 0.1% 

LINEARIN OF OUTPUT P O I  * 0.1% 

MlSC ELECTRONICS * 0.2% - 
NET ERROR IN Vu/y P * 0.39% 

VU/Y p * 0.39% 
GAMMA AT EQUlLlBRUM 

* * 0.41% 

PRESSURE k 0.2% 

ELECTRONIC * 0.2% 

NET ERROR IN Vu k 0.63% 

Vu * 0.63% 

TEMPERATURE (DENSIlY) k 0.4% 

EMPTY VOLUME * 0.35% 

ERROR (EMPW TANK) * 0.8% OF FULL TANK LOAD 

ERROR (FULL TANK) & 0.56% OF FULL,TANK LOAD 



4 . 2  H E L I U M  B A L A N C E  SYSTEM 

As shown in Section 3. 5, i t  i s  possible to gauge the quantity of 

propellant by keeping track of the quantity of helium in both the pressurant 

and propellant tanks assuming a single pressurant  tank for  each propellant 

tank. Knowing the density of the helium in the propellant tank, and both 

the volume and the density of the helium in the propellant tank, and barring 

helium leakage, the gas volume (and thus the liquid volume) may be 

obtained. A number of systems have been proposed using the helium 

mass  balance approach. The simplest Pressure ,  Volume, Temperature 

(PVT), measures the temperature and pressure in the pressurant and 

propellant tanks to calculate the propellant quantity. As shown in the 

e r r o r  analysis in Section 4.2.2, pressure and temperature measurements 

a r e  inadequate to perform the gauging under typical space conditions with 

the high vapor pressure  oxidizer N 0 2 4' 

One simple improvement on the PVT system uses  a beta-ray 

attenuation technique to accurately determine the helium density in the 

pressurant  tank (Reference 4-2). This technique i s  called the pV system 

and i s  sufficiently accurate that this quantity i s  no longer a major e r r o r  

source. The remainkg  large e r r o r  source becomes the density of the 

helium gas in the propellant tank. However, a s  shown in Section 4.2.1, 

a technique using both beta- and X-ray sources, called the RHO gauge 

system, appears capable of measuring the helium density in the tank to 

a high degree of accuracy. 

4.2. I Analysis of the RHO Gauge System 

The feasibility of using measurements of unattenuated betas and low 

energy photons to uniquely determine the partial densities of a binary 

mixture of gases with significantly different atomic numbers was investi- 

gated. The specific application studied was for a mixture of helium with 

an atomic number (Z)  of 2 and a propellant vapor consisting of compounds 

of atoms ranging in atomic numbers ( Z )  between I (for hydrogen) and 8 

(for oxygen). This condition is  representative of that in the ullage vapor 

of a. zero gravity storable propellant tank. Accurate determination of the 

partial density of the helium is  required for use in the helium balance 

propellant gauges. The technique exploits the fact that beta attenuaticr, i s  

dependent on only the bulk density of the gas mixture, whereas the low 



energy photon attenuation, which is  predominated by the photoelectric 

effect, discriminates against helium since the photoelectric attenuation 

coefficient i s  approximately proportional to the 5th power of the atomic 

number, (Z) .  The strong dependence of photon attenuation on Z results 

in the propellant or oxidizer being the controlling factor for attenuation 

over a range of partial densities. Thus, two attenuation measurements 

performed on the same sample of gas yield the respective densities of 

the helium and the other constituent with a high degree of accuracy. 

4. 2. 1. 1 Attenuation of Beta Part icles by Gas Mixtures 
- - 

The attenuation of a beta spectrum by an  a rb i t ra ry  element, i, i s  

characterized by the maximum beta energy Emax through the mass  

attenuation coefficient p For  an element with atomic number Z 
P, i '  i . - 

and atomic weight A i, pP, i s  given as  

- 
35 z 

- i 2 
p ~ ,  i I .  14A 

cm lgm 
E 

max i 

In the case where a mixture'' of the elements 0,  C, N and He i s  

the attenuating medium, the attenuation coefficient for each is the same. 

For  these elements this i s  given a s  

z. 
max 

since for each Zi/Ai = 112. Thus, the fraction of unattenuated radiation 

through a sample of the mixture of thickness x(cm) can be expressed as 

a function of the bulk density, PT, through 

L P = 
C 

+ . . .  + V p n n  p ) X I  = exp ( -p  P x) (4.2-3) 
0, P P T  

4, -r 

Compounds a r e  assumed to behave a s  a mixture since their binding 
energy i s  usually of the order of a few ev, and hence negligible wher, 
energies involved in the attenuation mechanism a r e  considered. 

4-29 



where - 
, s n d  C / C  

C"P - '-9) : i s  the normalized number of counts P 0,  P 
observed, A simz -e beta attenuation experiment i s  therefore sufficient 

to determine the t ~ l k  density, PT, when the product of p x i s  known. 
(3 

As will be sz~own below, the total density of compounds containing 

hydrogen with a 2 ;A of I (e. g., UDMH and N2H4) can also be calculated 

a s  the ratio of hycrogen to other atoms is  known from the chemical formula. 

4. 2 .  1:2 Attenuat, 3n of Low Energy Photons by Gas Mixtures 

Fo r  the ene-gy range of photons between the K electron binding 

energy and the erttrgy a t  which the Compton effect i s  important, the 

photoelectric effz ct i s  the predominant mode of interaction of the photons 

with the attenuatrzg media. Depending on the reference consulted, 

various expressicas a r e  found to describe the attenuation coefficient for 

this process.  F r ~ m  Pr i ce  (Reference 4-3) ,  the expression for the 

photoelectric att~.xuation coefficient for an  element with an atomic 

number Z is give.= as 

where K is a cozstant and E is the photon energy. I t  can be seen from Y 
Equation 4. 2-4 tl-r,at the attenuation coefficient varies greatly for different 

values of Z .  Th:-s i s  also shown in Figure 4- 19,  where the coefficients 

for the elements 23, He, 0,  N,  and C a r e  presented. 

Fo r  a mixlrllre of materials of densities p i = 1, . . . , n, the i' 
fraction of unatt.e.nuated gamma rays through a thickness t(cm) is 

given by 

- C~ 
*Y CD,y = exp (-(t-jpl + p2p2 + , , , + pnpn)t) (4 .2-5)  

where the atterxstion coefficients, p i ,  a r e  determined from Equa- 

tion 4. 2 -4 or F- gure 4-  19. The ratio C /C i s  again the normalized 
0 ,y 

total number or  counts. In the case where a mixture of helium and 
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PHOTON ENERGY, KEV 

Figure  4- 19. Mass  Attenuation Coefficients for 
the  Elements  - H, He, 0, N, and C 



another gas (N 0 or  Aerozine- 50 vapor) with densities of p and p2, 2 4 1 
respectively, i s  the attenuating medium, then Equation 4. 2-5 may be 

reduced to 

If the energy of the photons i s  sufficiently low (< 20 kev), and i f  

the Z 's of the He and the other constituent a r e  sufficiently different, 

then the measurement of the unattenuated photons will be relatively 

insensitive to the helium constituent a s  can be seen by the difference in 

attenuation coefficients for N 0 and Aerozine- 50 of Figure 4-20. 
2 4 

This i s  true only for a limited range of densities since the sensitivity 

to variations in either density will be somewhat reduced i f  a relatively 

large partial density of helium exists. 

4. 2. 1. 3 Calculation of Constituent Densities 

The results of the two measurements described above can now 

be combined to determine the respective densities of He and the other 

constituents. From Equation 4.2 -3, i t  follows that the bulk density 

of the mixture 

which, in conjunction with Equation 4. 2 -6, gives the helium density 

expressed a s  



PHOTON ENERGY, KEV 

r e  4-20. Mass  Attenuation Coefficients for  He, NZO4, and 
Aerozine-50 



Using Equation 4. 2- I in conjunction with Equation 4.  2-  10, the attenuation 

coefficient of the fuel for the beta particles can be expressed in terrns 

of the partial densities of C, N, H, and He as  

and from equations 4 .2 -2  and - 3 .  

The gamma ray  mass  attenuation coefficient can be obtained using 

Equation 4 . 2  -10 in a manner similar to that used for N 2 0 4  which leads to 

This result i s  shown in Figure 4-20 as  a function of photon energy, 

along with the corresponding values for N 0 and a s  in the previous 2  4 
case, the partial densities of the two constituents a r e  again uniquely 

defined. 

4 .  2 .  1. 5 Sensitivity Studies 

The achievable sensitivity of measurements to variation in  the 

densities of the gases depends primarily on the selection of the maximum 

beta energy, E the photon energy, and the separation distances 
max' 

between the sources and detectors. The optimum combination of these 

factors i s  subject to constraints such a s  the space in which the sensing 

device i s  to be placed, which fixes the maximum distance permissible 

between detector and source. 



A large source -detector separation distance i s  desirable  since with 

an increased distance, the radiation i s  attenuated through a l a rge r  sample 

resulting in m o r e  representat ive measurements .  In addition, a reduction 

in both the maximum beta energy, E and the photon energy leads to 
max' 

increased sensitivity. However, a l l  these  fac tors  must  be considered 

along with the source  energ ies  and intensit ies available. The la t te r  is of 

par t icular  importance since the accuracy with which a measurement  within 

a given t ime can be made depends on the amount of unattenuated radiation 

measured.  This  a spec t  will be discussed la te r .  

Before est imating attenuation charac ter i s t ics ,  the defined range of 

typical conditions under which the gas mixture would be expected to  ex is t  

must  be known. The assumed conditions a r e  given in F igure  4-2 1, where 

the respective densi t ies  of helium and the other constituent were  determined 

f r o m  a specified ove rp res su re  of 200 psia  and the known vapor p res su re  

charac ter i s t ics  of N204 and Aerozine- 50. The range presented desc r ibes  

the anticipated variat ion of the ullage tempera ture  under typical conditions. 

This information was  then used to obtain an es t imate  of the sensit ivity 

possible for  a sys t em which might be character ized by a 10-cm source-  

detector  separat ion distance fo r  N 0 a 20-cm separation for  Aerozine-50, 
2 4' 

using photons of both 5 and 10 kev. I t  was a l so  assumed that a beta source  

with Emax of 1 Mev and a separation distance of 10 c m  would be used. 

The resulting attenuation charac ter i s t ics  were  computed using Equa- 

tions 4.2- 3 and 4.2-  6 and a r e  presented in  F igures  4-22 and 4-23 f o r  

N 0 and Aerozine- 50, respectively. 2 4 

The increased  separation distance fo r  Aerozine-50 appears  n e c e s s a r y  

since the relatively sma l l e r  amount of this propellant in the mixture 

resu l t s  in a l e s s  sensit ive measurement  than in the case  of the N204. 

This  separation distance could be reduced and s t i l l  maintain the same  

sensitivity by reducing the photon energy. However, an increase  in  

source s t rength would probably be necessary  to a s  su re  consistent measure -  

ment  accuracy. The resu l t s  a l so  show that a grea ter  separat ion distance 

o r  reduced Emax for  the beta attenuation measurement  is necessa ry  fo r  

Aerozine-50 than f o r  N 0 to obtain a consistent sensitivity in the twocases .  
2 4 

The objective of the above discussion was to present  the resu l t s  of 

prel iminary sensit ivity studies and to suggest the type of considerations 



TEMPERATURE, O K  

Figure 4-2 1 .  Assumed Gas Mixture Characteristics 



NOTE: 

ALL SOURCE-DETECTOR SEPARATION 
DISTANCES ARE 10 cm. 1 

280 290 300 310 320 

TEMPERATURE, O K  

Figure  4-22. Effect of Tempera ture  on the Attenuation of 
Radiation by the He -N204 Ullage a t  a Con- 
stant P r e s s u r e  of 200 ps i  

necessa ry  to obtain design guidelines. Before the la t te r  may  be accom- 

plished a detailed analysis which entails an investigation of the availability 

of sources ,  source  energies ,  half-lives and intensit ies mus t  be conducted 

and reviewed in light of specific application constraints and accuracy 

requirements .  

4.2.  1. 6 Measurement  Accuracv 

Although seve ra l  fac tors  can influence the accuracy with which 

the densi t ies  of the constituent gases  can be measured,  the most; 

significant and obvious e r r o r  can resul t  f r o m  the counting statist ics.  



Figure  4-23.  Effect of Tempera tu re  on Attenuation of Radiation by 
the Assumed He -Aerozine-50 Ullage a t  a Constant 
P r e s s u r e  of 200 psi 



Assuming this to be the major consideration, then the square of the 

fractional e r r o r  in the helium density, p l ,  can be estimated from 

f a  
\ ! . < 

? ; fo r  which the partial derivatives may be determined from Equation 4. 2-8. 
2 2 

The quantities u (A ) and u (Ay) a r e  the variances in  the ratios of the 
t 1 P 

quantities A and Ay, respectively. Lf the initial calibration of the 
2 s P 

counting system has been precisely accomplished, the variances in the 
i-E I 2 ratios A and A a r e  simply 
i j P Y 

'i ' where C and C a r e  counts accumulated during the prescribed counting P Y 
A period for the betas and photon measurements respectively. (The variance 

r -  
includes the efficiency of the detection system since the total observed 

t ,  counts a r e  considered. ) 

From Equation 4.2-9, 

and 



which, in Equation 4.2 -13 results in 

- 1 - 1 - 1 
where b l  = t )  , b 2  = (p2 t )  and 63 = ( ~ L ~ X )  and the accumulated 

counts Cy and C were assumed equal to C. An important aspect of the P 
proposed technique i s  readily apparent from Equation 4.2-18. If  the 

attenuation coefficients for helium (p ) and the propellant (p2) a r e  such that 
1 

p1 5 p2 then the e r r o r  i s  much smaller  than if  p1 = 1J.2 ' for which a large 

e r r o r  can result. This points up the requirement that a low energy photon 

be used since this satisfies the conditions that pi  << p2 (Figure 4-20) .  If 

the latter condition i s  indeed the case, the p /p  f rom Figure 4-20 can be 1 2  
seen to be small  relative to 1 for  energies in the kev range. Then Equa- 

tion 4 .  2- 18 can be written a s  

This expression may be employed to determine the count rate (and hence 

the source strength) and measurement time necessary to achieve a given 

accuracy once the radiation source energies and geometric parameters 

have be en defined. 

4.2.1.7 Summary 

A method to determine the constituent densities of a binary mixture 

of gases has been discussed, and some preliminary analyses were per - 
formed to show i ts  applicability to a ullage mixture of He - NZO4 and 

He - Aerozine-50 over a typical range of density variations that might 

exist in a zero  gravity propellant and oxidizer storage system. The 

technique exploits the fact that the attenuation of beta particles can be 

characterized by only the bulk density of the mixture, whereas the 

attenuation of low energy photons i s  sensitive to the variation in the 

constituent with the higher Z. 



F o r  n~easurernents  performed under the appropriate conditions, 

the calculations resulted in a very simple expression for  the helium 

density, p which, in te rms of the unattenuated fraction of betas and 1 ' 
photons given respectively a s  A and Ay can be expressed a s  P 

PI = constant I n  (4.2-20) 

The density of the other gas constituent can also be determined from 

equations presented i n  the text. 

Pre l iminary  sensitivity and accuracy studies were  conducted to 

define the important factors  which must  be considered in a design study 

once the required counting accuracy and the geometric relationships 

for  a n  actual sys tem have been established. 

4. 2. 2 Application of the RHO Gauge to Zero  Gravity Gauging 

The RHO gauge described in Section 4.2.1 provides a measurement 

of the density of helium in the ullage gas. This information can be used 

for  zero-gravity gauging in a number of different ways. The RHO gauge 

can be used in  conjunc.tion with a beta attenuation gauge in the p r e s s w a n t  

tank to measure  pressurant  density (the p system described in Section 3.5). v 
This approach i s  capable of a f a i r  degree of accuracy when a single pres-  

surant tank i s  used fo r  a single propellant tank. It consists simply of a 

helium balance a s  shown below. 

In the more  common situation, a single pressurant  tank i s  used to 

2 r e s  surize both the fuel  tank and the oxidizer tank. This leads to 



additional e r r o r s  in determining the quantity of propellant remaining in 

the individual tanks. If information i s  available from a high gravity 

gauge, the e r r o r  f r o m  this source  can be somewhat reduced. However; 

in this situation a somewhat s impler  approach seems  m o r e  desirable ,  

namely, to lock off the individual propellant tanks f r o m  the pressurant  

tanks and s imply monitor the helium density in the propellant tank. If 

the helium density does not change, the helium volume i s  the same  a s  

that shown by the high gravity gauge a t  termination of the l a s t  firing. 

This technique s e r v e s  a s  a ze ro  g gauging sys t em by detecting any leakage. 

It will b e  noted that the helium density could a l so  be determined by a 

simple measuremen t  of the p r e s s u r e  and tempera ture  (the famil iar  PVT 

system).  In Table 4 - 2  an e r r o r  analysis  of the RHO and the p r e s s u r e  and 

tempera ture  sys t em i s  presented. The analysis  shows that a s  the tank 

depletes,  the RHO gauge accuracy degrades m o r e  slowly than does the 

P V T  system. 



Table 4-  2 .  Helium Balance E r r o r  Estimate::: 

RHO Gauge 

Sensitivity of Beta-Ray 

Percent Total 
P 

*o, I 

Sensitivity of X- Ray 320. I 

~ i s c e l l a n e o u s  Electronics 

Net e r r o r  in local helium density measurement L ~ O .  5 

Variation in Helium Part ial  Pressure  in Ullage* f 0 .  5 

Liquid Density *O. 4 

Dissolved Helium rt0. 2 

Net e r r o r  in measurement *O. 84 

E r r o r  - Empty Tank &O. 84 

E r r o r  - Full Tank 

Pressure ,  Temperature Measurement 

Sensitivity of Temperature Measurement (kO. 5OF) 

Sensitivity of P re s su re  Measurement ( f 0 .  270) 

Total Temperature and Pressure  Measurement 

Variation in Helium Part ial  Pressure  

Variation in Local Temperature (rt2OF') 

Dissolved Helium 

Liquid Density 

Net e r r o r  in measurement 

E r r o r  - Empty Tank 

E r r o r  - Full Tank *O. 8 

JI ' P  

Assumes i1 psi variation in local N 0 concentration. 
2 4 



4 . 3  ANALYSIS O F  A N  U L L A G E  GAS R A D I O T H A C T E R  GAUGE 
IN A  B L A D D E R L E S S  TANK 

The ullage gas radiotracer gauge described in Section 3 ,  5. 2 has 

been shown as  an effective gauging system in those systems incorporating 

bladders. In this section, an analysis i s  made which demonstrates that 

significant e r r o r s  will occur when this system i s  used in a bladderless 

tank. 

4. 3 .  1 System Description 

In the ullage gas radiotracer gauge, a quantity of inert  t racer  gas 

i s  introduced into the ullage volume. As propellant i s  consumed, the 

ullage volume increases and the t racer  gas concentration decreases. 

This reduction in t racer  gas concentration i s  directly related to the 

change in the ullage volume and, hence, the propellant volume. The 

above description assumes that all  of the t racer  gas remains in the ullage 

gas. When the propellant i s  not contained in a bladder, an appreciable 

portion of the t racer  gas will dissolve in the propellant with resulting 

e r r o r s  a s  described below. 

4. 3. 2 Discussion . , 

The radiotracer gas system considered in this study consists 
6 3 

of a storable propellant tank ( V  = 4. 25 x 10 cm ) containing either 

N 0 or  Aerozine- 50 propellant with an initial ullage fraction X of 
2 4 

0. 07. The pressure  in the propellant tank is  maintained a t  200 psi by 

introducing He gas from a pres surant tank through a regulator. The 

t racer  gas concentration in the ullage space is  assumed to be measured 

after each firing to determine the fraction of propellant remaining. 

In this preliminary analysis, i t  was assumed that the temperature 

and pressure a r e  constant and that deviations f rom ideal gas behavior can 

be neglected. It has also been assumed that the concentration of the gases 

in the propellant remain constant during firing. That i s ,  the firing time 

is  much l e s s  than the effective time constant of the various mechanisms 

restoring equilibrium (e. g. , diffusion, mixing, etc.). 



The equations which describe the system performance a r e  as follows: 

Ideal gas relationship Pk Vuk = n gk R T  (4. 3- 1) 

Henry's laws 
- 
pj = x K j  (T) 

j, 

I -  and component mass  balances 
I 

L a 

r r where 

1 
Kj (T)  2 Henry's constant for jth component, atmimole fraction 

t ,  n = t o t a l n u m b e r o f m o l e s i n g a s a f t e r k t h f i r i n g  --.. 
gk - 

n 5 number of moles of jth component 
j 
P = p  - Ik t pZk + Fgk z total pressure in propellant tank, a tm 

f- - 
t 
b i 

p. z partial pressure  of jth component, atm 
J 

R 2 82. 06 gas constant, cm3 - a t m / g m - m o l e - O ~  
I ') 
i 
t-, T z temperature, OK 

VUk t ullage volume after kth firing, cm 3 

f "  
x = mole fraction of jth component 
j -  

Subscripts 

g = gas 

i = initial value 

j = component; l - helium, 2 - t r ace r ,  3 - propellant 

k = conditions after kth firing 

& = liquid 

o = expelled with propellant 

u = ullage 



In addition, define : 

f = n /il = fraction of fuel remaining after kth firing 
k 3k 3i 

X = V . / v  = initial ullage fraction 
u 1 

and the ullage volume may be expressed as 

Combining Equations 4. 3- 1 through 4. 3-5 yields the ratio of t racer  gas 

concentration after the  kth firing to the initial concentration: 

where C = count ra te  .. <, 

Another equation required to account for the t racer  gas expelled with 

the propellant i s  the relationship: 

The initial value of the ratio of the total number of moles of t racer 

gas in the propellant tank to the moles in the ullage space i s  given by: 



Clearly,  this ra t io  will be unity when K (T)  a m  which charac ter -  2 
i ze s  an insoluble t r ace r  gas. In th is  case ,  the sys tem performance will 

duplicate the r e su l t s  of past  studies where an impermeable bladder was 

considered. F o r  decreasing values of K (T) the ra t io  will  increase  indi- 
2 

cating that m o r e  of the t r a c e r  gas  initially present  is dissolved in the 

propellant. F o r  l a rge  values of the ra t io  (i. e. , grea ter  than two) there  is 

m o r e  t r a c e r  in the propellant than in  the ullage volume. 

Using the solubility data  in F igure  4-24 fo r  Aerozine-50 and 

Reference 4-4 f o r  N204,  the performance of three  t r a c e r  gases  was 

studied. The t r a c e r s  studied were  3 9 ~ ,  85 ~r and a hypothetical isotope 

with the solubility of helium. Henry ' s  constant f o r  8 5 ~ r  was  obtained by 

extrapolation a s  indicated in  F igure  4-24.  The variat ion of the concen- 

t ra t ion r a t io  with the fract ion of propellant expelled, 1-f, for  the three 

t r a c e r s  with N204  and Aerozine-50 i s  shown in  Figures  4-25 through 

4-27. The performance of the helium t r a c e r  gas  does not deviate signi- 

ficantly f r o m  that  of a sys t em incorporating a n  impermeable bladder. 

However, for  3 9 ~  and, particularly,  8 5 ~ r  there  is a considerable differ- 

ence. Under the ideal conditions of constant tempera ture  and p res su re  

throughout the mission,  the performance of the soluble gases  does not 

appear  par t icular ly undesirable since a grea ter  sensit ivity near  the tank 

empty conditions i s  achieved than i s  realized in  the bladder system. In 

F igure  4-28 the difference in  sys t em performance of 3 9 ~  with N204 

for  two tempera tures ,  both assumed constant throughout the mission, is 

sma l l  indicating that the tempera ture  dependence of Henry 's  constant is 

not an important consideration. However, in  Figure 4-29 it i s  seen that  

the propellant usage ra te  (i.  e., fraction expelled during each  firing) affects 

the sys t em performance r a the r  significantly. The reasons  fo r  this 

behavior a r e  discussed in the following paragraph. 

The ullage gas measures  the change in concentration of t racker  in 

the ullage space. The quantity measured  i s  in turn related to the change 

in  ullage volume. When the t r a c e r  gas i s  insoluble in the propellant o r  

if there  i s  an impermeable bladder present ,  the m a s s  of t r a c e r  gas  in 

the ullage volume i s  constant and a change in concentration i s  due only 

to expulsion of propellant o r ,  to a much l e s s e r  degree,  any change in  

ambient tempera ture  o r  p r e s s u r e .  However, when the t r a c e r  gas  i s  



ATOMIC WEIGHT 

Figure  4-24. Henry ' s  Constant for  Aerozine-50 and 
Nitrogen Tetroxide 



1-f, FRACTION EXPELLED 

F i g u r e  4-25. P e r f o r m a n c e  of Hypothetical Helium 
Rad io t r ace r  Prope l lan t  Gauging System -. 

T = 2 7 3 ' ~ ,  af =0.1  

K2N204 = 1,100 ATM/MOLE FRACTION 

KZAERO = 11,400 ATM/MOLE FRACTION 

1-f, FRACTION EXPELLED 

~ i ~ u r e  4-26. P e r f o r m a n c e  of 3 9 ~  Radio t racer  
P rope l l an t  Gauging Sys t em 



l - f ,  FRACTION EXPELLED 

F i g u r e  4-27. P e r f o r m a n c e  of 8 5 ~ r  Radio t racer  
Prope l lan t  Gauging Sys t em I. _. 

~ ~ ( 2 8 3 )  = 1,081 ATM/MOLE FRACTION 

K2(262) = 1,150 ATM/MOLE FRACTION 

1-f, FRACTION EXPELLED 

Figu re  4-2 8. P e r f o r m a n c e  of 3 9 ~  Radio t racer  
Sys t em for  Different  T e m p e r a t u r e s  



soluble in the propellant, the amount of t r a c e r  gas in the ullage space 

i s  not constant and will depend upon how much t r a c e r  gas has been 

expelled in previous f i r ings and what proportion of that remaining i s  

dissolved in the propellant. This  is not necessar i ly  undesirable a s  long 

a s  the relationship between ullage volume and t r a c e r  concentration is not 

a l te red  during the miss ion  life. Unfortunately, when the t r a c e r  gas i s  

soluble in  the propellant, the t r a c e r  concentration i s  dependent on both 

the liquid and gas volumes. As  the propellant i s  depleted, the par t ia l  

p res su re  of the t r a c e r  gas i s  reduced. This changes the equilibrium 

between the t r a c e r  in  the ullage and the propellant gas  previously dis-  

solved in the propellant , and some of this t r a c e r  gas comes out of 

solution. The gas in the propellant that i s  expelled during a f i r ing does 

not have t ime to come  to equilibrium, and a g rea te r  quantity of t r a c e r  

is removed f r o m  the sys t em than equilibrium would predict. 

I t  i s  apparent  that solubility effects become m o r e  important a s  the 

ra t io  of the number of moles  of t r a c e r  gas dissolved in the propellant 

to  the number of moles  i n  the ullage volume increases .  The value of 

this  ra t io  fo r  the conditions shown in  F i g u r e s  4-25,  4-26,  and 4-27 i s  

presented in Table 4-3 .  

Table 4-3. Ratio of Moles in Liquid vs  Gas 

4.3.3 Conclusions 

T r a c e r  gas  

He (Hypothetical) 

9~ 

8 5 ~ r  

The solubility of the t r a c e r  gas i n  the propellant i s  sufficient to 

cause  appreciable e r r o r  i n  interpreting data f rom ullage gas radiotracer  

sys tems.  The resul t ing measurement  i s  exceedingly sensit ive to the 

usage r a t e  of the propellant,  a s  shown in Figure 4-29.  

Weight of T r a c e r  i n  Liquid 
Weight of T r a c e r  i n  Ullage Gas 

Aerozine-50 

0.0973 

0.534 

5.03 

N2°4 

0.367 

4. 15 

9.54 



1-f, FRACTION EXPELLED 

Figure 4-29. Effect  of Increment Size on Gauging 
System Performance, Fuel  Expelled 
in Equal Increments 

F r o m  this  prel iminary analysis,  it i s  concluded that a Radiotracer 

Propellant Gauge based upon measuring the concentration of t r a ce r  gas 

in  the ullage space of a bladderless tank i s  not feasible unless a new 

t r a c e r  gas i s  found with a considerable lower solubility in'propellants 
85 

than those presently under consideration (e. g. , Kr, 3 9 ~ ,  3 6 ~ . @ ,  - 

I4se,  etc. 1. 



5.  SUIvfMARY AND RECOMMENDATIONS 

5 . 1  INTRODUCTION 

During the Phase  I portion of this study, a la rge  number of different 

concepts were  examined for  possible application t o  propellant gauging. 

One new sys tem,  the Resonant Infrasonic Gauging System (RIGS) i s  recom-  

mended for  fur ther  study in  the P h a s e  I1 portion of this study. A second 

sys tem,  a helium balance sys t em (the RHO Gauge) a l so  appears  to justify 

fur ther  study. 

This section of the r epor t  summarizes  the resu l t s  of the Phase  I 

study and indicates the reasons for  the selection of the RIGS system. 

5 . 2  RESULTS OF GENERAL SURVEY 

The init ial  task  in this  study was  to undertake a general survey  to 

de termine  both existing and new techniques i n  the field of propellant 

gauging i n  the ze ro  gravity environment.  Two methods w e r e  used i n  the 

at tempt  to delineate new and novel techniques f o r  propellant gauging. A 

morphological survey-of propellant propert ies  was performed to  determine 

which, i f  any, of the propellant proper t ies  might f o r m  the bas is  of a new 

gauging concept. 

A second approach was  to organize brainstorming sess ions  to  bring 

together TRW technical special is ts  f r o m  diverse  fields to  d iscuss ,  or igi-  

nate ,  s c reen ,  and evaluate proposed ideas.  Personnel  fo r  these  sessions 

w e r e  selected on the basis  of proven inventiveness and discussion among 

participants was great ly  incouraged. A total  of seven such sess ions  was 

held. The hope was that the combination of a systematic  survey of poten- 

t ia l  gauging techniques and a group of creat ive specialists would resu l t  i n  

the identification of useful new concepts. Approximately 6 0 different 

concepts were  proposed during the survey and a summary  of the more  

promising techniques i s  presented in Table 5- 1 .  The sys tems were  

evaluated on the bas is  of the requirements  presented in Table 2- 1 with 

par t icular  emphasis on the capability to gauge propellants under zero  

gravity and i n  a bladderless  tank. For  the specified propellants,  Aero- 

zine-50 and N204,  none of the sys tems studies appear  to be capable of 

no. 5% accuracy during all phases of the flight profile but a number in- 

dicated potential achievement of this  goal during the ze ro  gravity portion 

5-1 
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of the flight. These systems were  then studied in more  detail. It i s  im-  

portant to realize, however, that the conclusion a s  to gauging system 

accuracy and applicability could be substantially different for other pro- 

pellant combinations, such a s  cryogenics. 

5.3 RESULTS OF PRELIMINARY ANALYSIS 

The objective of the preliminary analysis was to determine the 

major  problem a r ea s ,  advantages, and limitations of each candidate 

system. Systems which were studied during this phase may be classified 

a s  light interaction, infrasonic, helium balance, and gas t r ace r  systems.  

5 .3 .  1 L i ~ h t  Interaction Svstems 

Three versions of light interaction systems were  studied. All three 

were  dropped when the resul ts  of an experimental determination of the 

t ransmission characteris t ics  of the propellant indicated that no sufficiently 

t ransparent  windows were  present  in  the range between f a r  -inf rared  to 

the ultraviolet. A brief summary of the advantages and other problem 

a r ea s  of each i s  presented below. 
, 

5 . 3 .  1. I Light Attenuation System .. ._ 

This approach was similar  to the gamma r a y  attenuation system 

developed by Giannini for propellant gauging. Since light was used ra the r  

than gamma o r  X-rays, no external radiation was present. Its primary 

disadvantages were  sensitivity to refraction of the light, and sensitivity 

to propellant location within the tank. 

5 . 3 . 1 . 2  Light Transmission Time System 

This system used the difference in  speed of light in the ullage gas 

and the propellant to measure the propellant quantity in the tank. Reduced 

sensitivity to propellant location, due to the linear nature of the measure-  

ment, was the p r imary  advantage of this system. The system could be 

self-calibrating and effects of refraction could be minimized by time 

sequencing the light rays .  The system could provide an accurate 

measurement under boost and loading conditions. P r imary  disadvantages 

other than lack of transparent windows were that a large number of sensors  

would be required in order  to minimize the effect of propellant loca'iloil 

under zero  gravity and refraction of the light beams could result  in e r r o r s  

(particularly fo r  the highly refractive fuel). 

5-5 



5 . 3 . 1 . 3  

In this system a phosphor was added to the propellant and activated 

with a light source.  If the propellant was highly transparent the measure-  

ment would be quite insensitive to propellant location. Problem a reas  

a r e  the availability of suitable phosphors and the salting out of the phosphors. 

5 . 3 . 2  Infrasonic Systems 

Two infrasonic systems were examined. Since both systems mea- 

sured the compliance of the ullage gas, they were both quite sensitive 

to the composition of ullage gas (see Section 4. 1) .  Both systems,' 

therefore, suffer a n  appreciable 10s s of accuracy during and immediately 

after a major system transient such a s  an engine firing. Another common 

problem was the sensitivity of both systems to liquid directly impinging 

upon the diaphram. While techniques a r e  available to insure that this 

will not occur during zero gravity, both systems would be temporarily 

disabled during periods of high reverse  thrust .  

5 . 3 . 2 .  1 Phase Sensitive Infrasonic System 

This system measures  the phase shift across  an acoustical resistance 

and relates the phase shift to the gas compliance, then to the ullage, and 

finally to the liquid volume (see Section 4. 1. I). The system i s  light, 

compact, requires little power, and should not be very costly to produce. 

Major problem a reas  of the system, in addition to those listed above, 

include a variation of the acoustical resistance with changes in temperature, 

and the sensitivity to small changes in phase angle resulting f rom non- 

linearities o r  noise in  the system. Because one of the phase measurements 

i s  made in the propellant tank, it  i s  sensitive to noise generated by the 

propellant motion, pressure  regulator, etc. 

5 . 3 . 2 .  2 Resonant Infrasonic System 

This system employs a resonant mass  to determine the compliance 

and hence the ullage volume (see Section 4. 1.  2 ) .  By eliminating the 

acoustical resistance the system i s  made insensitive to the temper- 

ature;  and by employing a resonant circuit the system i s  made insensitive 

to nonlinearities. The system i s  light, compact, requires little power, 

and should not be costly to produce. The only measurements required 

a r e  in the gauge itself,  not in the propellant tank. Major problem a reas  



include the necessity for detecting the phase angle of a signal varying 

over a wide (1 00: 1 ) range and the stability of the resonant mass under 

vibration. 

5 . 3 . 3  Helium Balance System 

A number of different helium balance gauging systems were studied 

in this phase. These systems a r e  al l  based on the determination of the 

ullage volume from the mass  of helium in the propellant tank and the 

helium density. One major failing of al l  proposed helium balance systems 

i s  their inability to distinguish between a propellant or  a helium leak. 

Any helium lost to the system is  assumed to correspond to a liquid 

volume change. 

5 . 3 . 3 .  1 P V T  and pV Systems 

In this system the quantity of helium entering the propellant tank is 

determined by measuring the density change in the helium tank. In the case  

of the P V T  system i t  i s  determined by measurement of the pressure  and 

temperature i n  the helium tank. Helium density in  the pressurant tank i s  

measured by either pressure  and temperature measurements or by the RHO 

gauge discussed below. The pV sys temuses  a beta-ray attenuation tech- 

nique to provide more accurate density measurement. In either case, when 

a common pressurization system i s  used for both oxidizer and fuel no in- 

formation i s  available to determine into which tank the pressurant went. 

This can result in appreciable e r r o r s .  While a high gravity system can 

provide recalibration points, the somewhat simpler RHO gauge seems pre- 

ferable in this case. 

5 . 3 . 3 . 2  RHO Gauge 

The RHO gauge uses the attenuation of both an X-ray and beta-ray 

source to determine the density of helium in the presence of propellant 

vapor. This measurement, in a tank which i s  isolated from the pressurant 

source, acts a s  a zero gravity gauging system. If the helium density in 

the propellant tank remains constant during an extended zero gravity 

coast no leakage has occurred and the quantity of propellant is  the same 

a s  when the engine last  fired. If the heluim density decreases, assuming 

no helium loss, the quantity of propellant lost can be calculated. Thiis the 

RHO gauge, in conjunction with a standard high gravity gauge, performs 

the total gauging function. Note that i f  the propellant vapor pressure were 



sufficiently low, a simple pressure transducer and thermocouple could 

perform the same task. 

The RHO gauge i s  simple, light, and should not be very costly. Ex- 

ternal radiation is  completely negligible. Output from the system is  digital. 

Major problem areas ,  in  addition to requiring a high gravity gauge, 

include the requirement of maintaining a liquid-f ree area ,  the inability 

of the system to distinquish between liquid and gas leakage, and the 

difficulties of obtaining a good sample of the ullage gas. 

5 . 3 . 4  Ullage Gas Tracer  Systems 

The approach was similar to the radiotracer technique developed 

by TRW for propellant gauging in bladder-containing tanks. A quantity 

of an inert beta-emitting t racer  gas is  added to the ullage gas and the 

concentration measured by a beta-ray counter. As propellant is 

depleted the volume occupied by the gas increases, diluting the t racer  

gas. By measuring the t racer  gas concentration, the ullage volume 

and thus the liquid volume can be measured. The analysis presented 

in Section 4 . 3  showed that sufficient t racer  gas would be dissolved in 

the propellant to invalidate this technique for use with a bladderless 

tank . 
5 . 4  RECOMMENDATIONS 

On the basis of the results of the preliminary analysis the Resonant 

Infrasonic Gauging System (RIGS) i s  recommended for the Phase I1 study. 

This selection was made by evaluating the systems on their ability to 

measure propellant quantity under zero gravity, simplicity of the 

concept, and the character of the unresolved problem areas .  The RHO 

gauge, because of its inherent simplicity, was also considered worthy 

of further study. These conclusions were specific for Aerozine- 50 and 

N 2 0 4  Significantly different conclusions might be reached for other pro- 

pellant combinations. 
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APPENDIX A 

This a p p e ~ f i x  presents a brief description of the brainstorming 

sessions held dcr ing the general survey portion of the Phase I survey. 

The purpose of t - s s e  sessions was to efficiently use in-house technical 

specialists f rom diverse fields to originate, screen and evaluate proposed 

ideas. Personnt l  for  these sessions were selected on the basis of demon- 

strated inventive2ess in a variety of fields. 

A total of seven sessions was held, At the f i r s t  session all of the 

specialists were  invited. A survey of known techniques for propellant 

gauging was pre 5 snted along with a general discussion of the problems 

of zero gravity g~ug ing .  The system goals, summarized in Table 2- 1, 

were also preserzed.  Five of the remaining six sessions were designed 

to cover specific a reas .  Two sessions each were held to discuss electro- 

magnetic radiatlzx and mechanical systems while one session was held 

on nuclear and ckemical systems. However, no attempt was made to 

limit the discus 5-on to a particular field, a s  evidenced by the fact that 

the genesis of tk? RIGS system occurred during a session on electro- 

magnetic radiatlzm. Approximately 50 new systems were discussed and 

the more  promising a r e  included in Table 5-1.  It became apparent that 

one pr imary ad\-zntage of the brainstorming sessions was the immediate 

availability of ST -cialists to answer questions concerning feasibility of 

newly originate? concepts. Systems were proposed, analyzed, and 

critiqued imme?:ately without the need to search out specialists who 

had the part icuizr  knowledge required. As a result,  appreciably l e s s  

time was r e q u i r 4  for the system evaluation. Between sessions the 

individual partic-pants critiqued and originated new systems for presenta- 

tion. The final session was general and those systems which seemed most 

promising were summarized. 

Table A- l contains a list  of most of the participants and their 

backgrounds. 



Table A- 1. General  Survey Par t ic ipan ts  and Backgrounds 

Name Years  of 
Experience 

Cur ren t  Position Degree Specialty 

Ai, D. K. 

Artusio, T. W. 

MTS PhD Fluid Dynamics 

MTS BS Volatile liquids positive expulsion 
systems,  zero-gravity vent sys tem 
and reaction control propellant 
feed systems design, develop- 
ment, and analysis  

Burns, E. A. Assis tant  Manager PhD Applied chemis t ry  and propellant 
Chemistry Department technology 

Bhuta, P. G. Manager, Advanced PhD Fluid mechanics, ze ro  gravity 
Technology Department problems 

MTS PhD Acoustics, electromagnetics 

MTS BS Chemistry 

Decker, R. 

Grunt, A 

Haeff, A. V. Director ,  Physical  PhD Electronics, acoustics 
Electronics  Laboratory 

Howe'll, G. W. Head, Fluid Component MS Fluid components and propellants 
Section 

Jones.  I. R. Associate Manager, PhD Radioisotope technology 
Nuclear Technology 
Department 

Kane, T. R; 

Kliegel, J. R. 

' Lieberman, S. 

MTS PhD Electroptics, radio frequency 
t ransmission 

Manager, Propulsion PhD Propulsion analysis and technical 
Analysis Department management 

MTS Propulsion and propellant utiliza- 
tion systems performance analysis, 
and control sys tem component 
analysis  

BS Reliability 
. > *, 

Lipow, M. 

MacLeod, G. J .  Assis tant  Manager, MEE Propulsion sys tems  and propellant 
Propulsion Analysis utilization, and propellant loading 
Department systems performance analysis  

MTS PhD Physics  McGrath, E. J. 

Plebuch, R. K. Section Head, Nuclear ScD Systems analysis, nuclear 
Analysis Section physics 

Rudolpi, F. 

Rusch, R. J 

MTS Radiation shielding 

MTS Radioisotope applications and 
nuclear instrumentation 

Siegel, B. P r o j e c t  Manager, 
Propulsion Analysis 
Department 

Propulsion systems design, 
including hardware development, 
sys tem analysis, and p rogram 
management 

Solomon, L. A. 

Spencer, R. B. 

MTS PhD 

MS 

Acoustic wave propagation 

MTS Gauging and propulsion sys tem 
analysis 

Systems analysis Vernon, D. W. Assis tant  Manager 
Systems Analysis 
Department 

Wakeman, J. F. Head, Nuclear Gauging 
Section 

Radioisotope and nuclear  
applications 

Webb, R. 

Wohlwill, H. E. 

MTS PhD 

PhD 

Heat and m a s s  t r ans fe r s  

Electromagnetics Associate Manager 
Electromagnet ics  and 
Acoustics Department 

Zivi, S. M. Manager, Applied 
Thermodynamics Depart  
Department 

Acoustics, thermodynamics 



MATHEMATICAL MODELS OF THE PHASE SENSITIVE 
AND RESONANT INFRASONIC SYSTEMS 

In this appendix, equations a r e  derived for the behavior of two 

infrasonic systems. In Section 1 the analysis i s  performed for the phase 

sensitive infrasonic system. Section 2 presents the analysis for the 

resonant infrasonic systems. Descriptions of the two systems can be 

found in  Section 4. 1 of this report. 

1. MATHEMATICAL MODEL OF THE PHASE SENSITIVE INFRASONIC 
SYSTEM 

1. 1 Analysis 

The basic dynamic equations for  the Phase Sensitive Infrasonic 

System, illustrated schematically in Figure B - 1, a r e  derived below. The 

nomenclature i s  defined in  Table B-1. 

1. 1. 1 Driver Cavity (No. 1) 

F r o m  the basic definition of the bulk modulus ((3) of a fluid .: . 

For adiabatic gas compression or  expansion, we have 

PVY = a constant 

thus 

which reduces to the following expression when differentiated with 

respect  to time. 



CONSTANT 
VELOCITY 

DRIVER 

Figu re  B-1. Schematic of Infrasonic Propellant Gauge 



Table B - 1. Nomenclature for Appendix B 

S\-mbol - Description - Unit 

P Pressure  psi 

V Volume in 
3 

Fluid capacitance 

Volumetric flowrate 

Q 0 
Figure of mer i t  for tuned 
resonant systems dimensionless 

Specific heat ratio 

Area 

dimensionless 

in  
2 

Displacement in. 

Velocity in /sec  

Gas flow resistance 

Mass 

m/AZ 

k Spring ra te  

k K /AZ 

lb-sec/in 
5 

2 
lb-sec /in. . 

2. 5 
lb-sec /in 

Weight lb 
- 1 

Laplace notation sec  
I 

Angular velocity radian/sec 

Frequency cycles/sec 

Density lb /in 
3 

gravitational constant in/sec 
2 

Acoustic velocity in /sec  

Molecular weight lb /mol 

Absolute temperature OR 

Z-~bscripts  

0 - low frequency anti-resonant condition 

I - related to Volume No. 1 
.. 
L - related to Volume No. 2 

3 - high frequency resonant condition or  Volume No. 3 

- 
x - nominal quasi-steady-state value of x 

- due to acoustic radiation 

" - due to linear damping 
B-3 



This i s  equivalent to 

where 

Qin - Q = net flowrate into the cavity out 

- 
V, Tj = nominal volume and pressure,  respectively, 

under small  perturbations 

For  cavity No. 1, we can thus write (in Laplace transform notation) 

where 

and QZ i s  the flowrate through the resistance R connecting cavities 

No. 1 and No. 2. 

I .  I. 2 Resistance ( R )  

For small perturbations in Q the pressure  drop across  
2' 

resistance (R) can be assumed proportional to the flowrate through it ,  

thus 



Equation B - 1 5 becomes,  by substitution of Equations B - 16 and 

B-17, 

Letting 

where  

Equation B-18 i n  Laplace t r ans fo rm notation becomes: 

1. 1. 5 Cavity Being Measured (No. 3) 

F o r  the propellant cavity No. 3, the net flow in can be  expressed  as: 

where  

and Q has  been previously defined in Equation B-13, 
3 



1. 1. 6 Derivation of P3 /PI Transfer Function 

The equivalent pressure/flow circuit diagram for the Phase 

Sensitive Infrasonic System i s  based on Equations B-7 through B-24. 

The electr ic circuit analogy (ml  = L, l / k '  = C, R = R,  P = V, 

and Q = i) i s  a s  follows (Section 3. 1): 

In order to establish the desired phase relationship between P 3 
and P1, i t  is  necessary to establish the corresponding transfer function. 

This derivation follows, based on the combined impedance characteristics 

of the various circuit loops. 

From the circuit diagram above, we can write 

Thus, 

but 

and 



where 

thus, 

which gives 



Equation B-27 becomes: 

where, from the circuit diagram above, 

and 

where 

Thus, 



Now 

Equation B-33 finally reduces to the following transfer function 

between P and P 
3 1' , 

which is of the form: 

1 - 
P3 

a 
0 - (s) = 

P1 s2  



where: 

I. I. 6. 1 P /Q Transfer Function 
3 1 

The transfer function between Q and P is derived using similar 1 3 
techniquesasaboveextendedtoZ where 

eq' 

and 

From Equation B-37, 



Thus from Equations ( 3 - 3 8  ) and (B-46) 

1. 1. 7 Q,/ Q ,  Transfer Function 

The transfer fuzrtion of Q to Ql is  easily derived from the 3 
previously derived t r t z s fe r  function P / Q  as follows: 3 1 

From Equations B-23 znd B-47 this reduces to 

3 - - 
2 

C2 C 1 t C 2 t C 3  
C1 3 t c  + C 3  t i  t - t  Q' 

s 3 m 2 4  R C  c + .  = , I  l C , t  c2 , t  s n 7  - 
1 2  3 c k  ) Ck2 Ck2 C 3  



2, MATHEMATICAL MODEL OF THE RESONANT INFRASONIC SYSTEM 

2. 1 Analysis 

The basic dynamic equations for the resonant infrasonic gauging 

system, illustrated schematically in Figure B-2, a re  derived below. The 

nomenclature i s  defined in  Table B - i .  

2. 1. 1 Driver Cavity 

For cavity No. 1 (in linearized Laplace t ransform notation for 
i relatively small perturbations): 

where : 

.. . 
Q = flowrate corresponding to displacement of flexible 

diaphragm 
- - 
vl'  P1 

= nominal volume and pressure  

I"" 

i ,  

where 

R1 = effective resistance seen by the driver 

2. 1. 2 Force  Balance on Mass (m2) 

F rom Newton's equation of motion 

By suitable manipulation, this can be reduced to 



CONSTANT AMPLITUDE / 
VARIABLE FREQUENCY DRIVER 

I An' 1 I 

I F LEXlBLE DIAPHRAGM 1 

I HELIUM + PROPELLANT VAPOR 1 

Figure B-2. Schematic of RIGS 



where 

2. 1. 3 Cavity Being Measured (No. 2)  

For  the propellant cavity No. 2, the flow in can be expressed as:  

where 

- - 
v2' 

P2 = nom+,nal volume and pressure  

2. 2 Derivation o f  Transfer  Functions 

2. 2. I PI /xi Transfer Function 

The equivalent electrical circuit analog corresponding to. 

Equations B-50 through B-55 i s  sketched below. 



In order to establish the amplitude or  phase relations between 

P and x , i t  i s  necessary to  establish the corresponding transfer  
1 1 

function. Based on the impedance characterist ics of the above circuit 

diagram, we can write: 

where 

Now 

which can be modified to 

Substituting Equation B-58 in  B-57, we get 



which can then be modified by suitable algebraic manipulation to 

but 

Thus, Equation B-59 can be reduced to: 

If the system contains no built-in o r  inherent l inear damping, the re  

will s t i l l  be a frequency sensitive acoustic radiation resis tance loss  

associated with the acoustic pumping. This  resis tance was evaluated 

f rom the following expression obtained f rom Reference 3-4. 

R2 = R21 = L , 2  
2 ngc 

where 

p = gas density 

c = acoustic velocity in the gas  = 

w = angular velocity of the oscillations 

MW = molecular weight of gas 



F o r  Laplace  notation, s = j w  for  sinusoidal osci l la t ions  and 

Equation B-61 can  b e  equivalently expressed  a s :  

Substituting Equation B-63 into B-60, w e  get 

< d 

- - 
(B-64)  

% 

This is of the f o rm  

where 



For  any built -in o r  inherent linear damping, we can express the 

tscal damping as : 

v-iere R is defined in Equation B-61 and R2" is the equivalent 2 - 

r 5 sistance due t o  any linear damping on the flexible diaphragm. Equa- 

t i zn  B-65 st i l l  holds in this case; however, a1 and b a r e  no longer 1 
zero,  but now become 

2, 2. 2 Additional Transfer  Functions 

The following additional derived transfer functions a r e  s u m a r i l y  

c z  e sented (without derivation) to help in giving further insight into the  

c- eration of this system: 






